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Preface

The combination of stiffness, strength and high temperature resistance provided by fibre reinforced titanium matrix composites
offers major benefits for aircraft engine and airframe applications, where these materials could be used to reduce weight or
improve performance. In this regard, they are important to AGARD for the increased mission capability they offer for future
aircraft systems and they are of particular interest to the Structures and Materials Panel, which is in a position to address some of
the technical issues that may otherwise delay serious consideration of the materials by potential users.

At its 77th Meeting in the fall of 1993, the Structures and Materials Panel held a workshop on the subject of characterisation of
titanium composites. This is a major aspect of these materials that must be addressed if they arc to hecome accepted for use, and
the workshop was intended to provide a forum for the exchange of information in this important area. Characterisation in this
case refers to the understanding of the behaviour of the composites as it relates to the ability to predict their performance in real-
life applications. It covers various topics that include mechanical test techniques, NDE methods, life prediction models and
other factors that will affect the level of confidence with which these relatively new materials will he accepted for applicasi~n
{hese are all issues where a coordinated approach to testing and a mutual agreement regarding data interpretation would
enhance the possibility of their use by the AGARD community.

In a sense, with metal matrix composites in general, and titanium matrix composites in particular, we are following the same
course that has been taken by the polymer matrix composites community in the past in bringing composite materials from
research to application. Polymer matrix composites are now widely used in aerospace but the path to this acceptance was not
straightforward, involving a long time period and a very large financial investment — an investment applying not only to the
development and scale-up phases but also to the characterisation and component demonstration activities.

With titanium composites. we are presently at a stage where matrix alloys, reinforcing fibres and composite consolidation
processes are available for the fabrication of structural components. Several countries are involved in the development of
manufacturing processes for titanium composites, and in some cases facilities already exist for the production of large-scale
products suitable for use on airframes or in engines. At this point, their future acceptance will depend on several other factors.
Apart from cost — a significant issue in its own right, but one that must be addressed in other ways — these include the
establishment of suitable test methods for determining properties. the understanding of the relationship of these properties to
component behaviour, and the development of methods for assessing product integrity from a design confidence point of view.

Accordingly, through presentations and discussion, the workshop addressed the questions of what the designer needs to know
about the behaviour of titanium composites, what measurements and test methods are available and in use, what materials
madelling techniques are applicable, how do modelling predictions relate to component behaviour, and what further tests and
analysis procedures need to be developed. We hope that the publishing of the workshop papers will act as a catalyst for further
work on these unique materials, eventually leading to their wider acceptance in aerospace applications.

Dr TM.F. Ronald
Sub-Committee Chairman
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Preéface

Les qualités combinées de rigidité, de résistance mécanique et thermique présentées par les matériaux composites a matrice de
titane renforcée par fibres de carbone offrent des avantages importants pour les applications cellule et moteur, ou 'emploi de ces
matériaux autoriserait a la fois une diminution de masse et des performances améliorées.

A cet égard ces applications sont importantes pour TAGARD, car elles permettent d’augmenter les capacités opérationnelles
des futurs systemes aériens et, en méme temps, elles représentent un intérét particulier pour le Panel des Structures et
Matériaux, qui est parfaitement en mesure d’examiner certaines questions techniques dont la solution levera les obstacles et
devrait permettre unc meilleure prise en compte de ces matériaux par des utilisateurs potentiels.

Lors de sa 77éme Session en automne 1993, le Panel AGARD des Structures et Matériaux a organisé un atelier sur la
caractérisation des matériaux composites a base de titane. Il s’agit d'un aspect treés important qui doit étre étudié pour permettre
I'adoption de ces matériaux. L'atelier devait servir de forum pour un échange d'informations sur ce sujet important. Dans ce cas,
la caractérisation se réfere a analyse du comportement des matériaux composites, et, plus précisément, a la capacité de prévoir
leurs performances dans des applications réelles. Il traitait de différents sujets, y compris les techniques des essais mécaniques.
les méthodes d'évaluation non destructives NDE, les modeles de prévision des cycles do vie et d'autres facteurs qui
influenceront le climat de confiance nécessaire a I'acceptation de ces matériaux relativement nouveaux pour des applications
industrielles. Autant de questions ou une approche coordonnée vis a vis des essais, alli¢e a un accord mutuel sur I'analyse des
données servirait a promouvoir leur adoption par la communauté AGARD.

D’une certaine fagon, en ce qui concerne les matériaux composites a matrice métallique en général et les composites a matrice de
titane en particulier, nous suivons la méme voie que celle qui a été adoptée dans le passé par la communauté des matériaux
composites a matrice de polymeres: faire passer les matériaux composites du domaine de la recherche a celui des applications.
Aujourd’hui, I'utilisation des composites a matrices de polymeres est tres répandue dans le domaine aérospatial, mais le chemin
qui a mené a cette adoption n'a pas été sans détours, car il a entrainé des délais tres longs et un investissement financier
considérable — un investissement qui s’applique non seulement aux phases de développement et de mise a I'échelle, mais aussi
aux activités de caractérisation et de démonstration des composants.

Dans le cas des matériaux composites a matrice de titane, nous sommes actuellement au point ou les matrices métalliques, les
matrices a fibres renforcées et des procédés de consolidation des matériaux composites sont disponibles pour la fabrication de
composants structuraux. A I'heure actuelle, certains pays développent des procédés de fabrication de matériaux composites au
titane, et dans certains cas, ou des installations existent déja pour la production en série de composants aéronautiques de cellule
ou de moteur. Aujourd’hui, leur adoption future dépend d’un certain nombre d’autres facteurs. La question du coat mise a part
— bien qu'elle ait sa propre importance et qu'il faudrait peut-étre aborder d'une autre fagon — ces facteurs concernent
I'établissement de méthodes d'essais convenables pour la détermination des caractéristiques, 1'analyse du rapport entre ces
caractéristiques et le comportement des composants, ainsi que |'¢Jaboration de méthodes pour I'évaluation de I'intégrité du
produit du point de vue du niveau de confiance structural.

Ainsi, par le biais de présentations et de discussions, I'atelier a pu aborder les questions suivantes: que doit savoir le concepteur
sur le comportement des matériaux composites? Quelles sont les méthodes d'essais et de controle qui sont employées? Quelles
sont les techniques de modélisation de matériaux applicables? Quel est le rapport entre les prévisions issues de la modélisation
¢t le comportement des composants? Et quelles sont les procédures d'essais et d’analyses qui restent a développer.

Nous espérons que la publication des communications présentées a I'atelier servira de catalyseur pour de futurs travaux sur ces
matériaux singuliers, amenant ainsi unc plus large adoption pour des applications aérospatiales.

Dr TM.F Ronald
Président du sous-comité
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TECHNICAL EVALUATION REPORT

James G. R. Hansen
Engineering Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831 USA

1. SUMMARY

This paper presents a technical evaluation of the
Workshop on “Characterisation of Fibre Reinforced
Titanium Matrix Composites” held at the 77th meeting of
the AGARD Structures and Materials Panel on September
27-28 in Bordeaux, France.

2. INTRODUCTION

Fibre reinforced titanium matrix composites (TMC) offer
major benefits for aircraft engine and airframe
applications, where the combination of stiffness, strength
and high temperature resistance provided by these
materials can be used to reduce weight and improve
performance. While their development has matured to
the point that they are available in various product forms,
their widespread acceptance will depend on several
factors, the primary one being cost. Other factors
include establishment of suitable test methods for
determining properties, understanding the relationship of
these properties to composite behavior and development
of methods for assessing product integrity from a design
confidence point of view. These issues involve a strong
emphasis on life prediction methodology. The goal of
this AGARD workshop was to provide a forum for
discussions and information exchange in the areas of test
requirements and techniques that might help the eventual
acceptance of TMC in aerospace applications. It
addressed the questions of what the designer needs to
know about the behavior of TMC, what measurement and
test methods are available and in use, how results are
related to materials modeling and component behavior,
and what test and analysis techniques need to be
devp‘(\r\pd

3. CONTENT OF PRESENTATIONS

31 Materials, Processing, Manufacturing and
Applications

Data on numerous TMC material systems was presented
during the werkshop. Primary TMC coated reinforcing
fibres discussed were SCS-6 and SCS-9 produced by
Textron Specialty Materials and SM 1140+ and SM 1240
produced by British Petroleum Metal Composites
Limited. TMC matrices included titanium (Ti-15-3,
Ti-6-4 and TIMETAL®21S) and titanium aluminide (x,
and high niobium content x,).

Numerous processing methods were nresented.  The
primary method to produce airframe cor the U.S.
National Aero-Space Plane (NASP) ha. ..cn the HIPing
of foil-fibre-foil materials (Paper 2). In order to
maintain  fibre  spacing, crossweave has been
incorporated. McDonnell Douglas Corporation
demonstrated both detailed processing steps and details of
tooling and stacking sequences used to fabricate NASP
parts. Details of the NASP TMC Factory instatled at
Textron for production of NASP airframe parts as large

as 4 ft by 8 ft panels were presented (Paper 3). British
Petroleum presented their method of producing large
TMC sheets (Paper 7). The method maintains excellent
fibre spacing and alignment by filament winding fibres
and then including titanium matrix powder in the polymer
binder. Fibre layers and titanium foil layers are then
alternated. The fibres arc constrained by the powder
during HIPing so they do not migrate.

Engine materials must be produced with extreme care.
When fabricating discs, essentially no fibres wound in the
hoop direction may touch one another. One method to
attain this level of quality is to coat individual fibres with
titanium matrix material and then use the composite wires
to shape a part which is subsequently HIPed. This
method is applicable to titanium aluminide matrices,
which are difficult to process to foil. Deposition rates
reported via physical vapour deposition include 60 um/hr
by DLR for magnetron sputtering and 90 um/hr by AEA
Harwel!l for their Sputter lon Plate process (Papers 5 &
8). In addition DRA Farnborough is developing a high
rate process using electron beam evaporation and vapour
deposition. Materials produced from composite wires
exhibit untform fibre spacing. even at a volume fraction
of 57%!

TMCs are an enabling technology for hypersonic
airframes and future generation turbine engines. The
high specific  stiffness,  specific  strength  and
environmental resistance at high temperature attamable
with TMCs are necessary if the NASP airframe is to
have the required low mass fraction. Airframe laminates
must stenort biaxial loading, so they tend to be balanced
and in many cases are quasi-isotropic.

The consensus opinion was that the primary near term
application of TMCs is in advanced turbine engines.
TMCs provide the flexibility to design a new class of
compact engines with dramatically increased thrust to
weight ratios. Spinning parts require greatest strength in
the hoop direction, so umdirectional laminates are
pussible with fibres wound circumferentially. vtilizinp the
tremendously high unidirectional properties oir TMCs.
Engine discs now using materials at 550°C (titanium
alloys) and 650°C (superalloys) can be replaced with
650°C (titanium alloy matrix composite) and 800°C
(titanium  aluminide composite) capable matcrial.
Estimated improvements include a 60% weight reduction
in the combustor and a 130°C gas temperature increase.
Compressor rotors can be designed to climinate the heavy
bore section required today for discs, reducing volume
and allowing the compressor to be significantly reduced
in size.

3.2 Characterisation and Testing
Reactivity studies quantified interaction between fibre and
matrix. An interesting result: a high niobium content

Technical FEvaluation Repor: on Structures and Materials Panel Meeting on ‘Characterisation of Fibre Reinforced Titanium

Matnx Composites, September 1993,
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titamum alumimde (Ti-14A1-19Nb) TMC sustained an
order of magnitude longer hold time at emperature
betore the fibre coating was consumed (Paper 9). The
result was linked to the decrease of reactvity and
diffusion when the aluminum content of the allov 1s
increased.

A fundamental 1ssue in matenial  development s
understanding the link between macromechanical and
micromechanical  behavior. Shear  stresses  from
iragmeniatton  and  push-out  tests  were  compared
computationally  to  increase  micromechanical
understanding (Paper 9). This knowledge demonstrates
significant potential for optimising interface behavior and
for predicting macromechanical behavior, 1.¢. strength,
thermal fatigue and bridged crack growth.

An outstanding review was presented summarizing trends
in mechanical property data developed since 1990 in
support of the NASP program (Paper 1).  Data was
plotted 1n several interesting formats. TMC properties
(specific  strength,  specitic modulus,  failure  strain,
specific rupture stress, specific fatigue stress range and
fatigue crack growth rate) for a number of materials and
laminates were plotted versus temperature and compared
versus high temperature capability monolithic metals. It
was noted that at high temperatures morolithic metals
compare favorably with all but umdtrectional TMC

laminates.  TMC and monolithic metal mechanical
properties were also plotted versus percent [0] plies,
llustrating  excellent  properties  of  uniairectional
laminates, Balanced iaminates are less effective

Strength of quasi-isotropic TMC was shown to be
infertor to monolithic metals over the temperature range
from room temperature to 800°C.

NASP data was from airframe materials which need not
maintain the same degree of precise manufactuting as
engine materials. Model TMC engine material, adhening
to stringent fibre spacing requirements. demonstrates
excellent transverse properties.  Unidirectional TMC
produced by British Petroleum with a Ti-6-4 matnx
attained a transverse faiture strain of 1% - 3% (and a
longitudinal tibre strain of 98%), depending on fibre
volume fraction (Paper 7). Properties were attributed to
excellent fibre spacing.

Nondestructive evaluation (NDE) methods were presented
for micro-property evaluation and global NDE
(Paper 13). During TMC development, micro-property
evaluation demonstrated on single fibre model systems
was shown te be useful in assessing consolidation, matrix
microsiructure, fibre fragmentation, and interface
oxidation damage. A global NDE method utihized
ultrasound o correiate NDE data with tensile and {atigue
properties. A damage parameter v as developed for use
in screening TMC for initial manufacturing flaws and for
quantifying in-service damage. This research is in its
initial stages of development, but shows great promise.

The philosophy behind a test machine designed
specifically for testing low ductility TMCs and CMCs
was presented (Paper 12).  Since test material is
expensive, the test machine was designed to
accommodate minimum size test specimens (100mm
long). Grip alignment is maintained to high tolerance
throughout loading. Grips need no tabs if dogbone
specimens are used at room temperature to maintain
failure away from the stress concentration of the grips.

Specimens are strarght sided for elevated temperature
testing - The machine mcorporates o horizontal load axis
oy mimmize convective cooltng and extensometry forees
on the specimen  Wright Laboratorny has had cxceellent
results testing TMC wath thas test machine in comphicated
load scenaros, ncluding low  ovele  tatigue with
compression,  thermomechamical  tatigue  and
thermomechanical crack growth.  Because  European
specimens have taled i prps durmg tatigue testng,
researchers have conducted finite element studies and
used laser moire anterferometns o predict stress
concentrations at tabs (Papers 20 & 22 Explanatons
for these undesirable tafures include the tacts that
composites made with the relatnvely small diameter
SM1240 fibre are thinner, thus making misalignment
more important. and b the composite tested was of hgh
quality without detects, so the stress coneentration at the
grps was more hkely toambate talure

An ASTM Subcomnmutiee D30 07 round robin i I'MC
tensile and  ssothermal fatigue testing at toom  and
elevated temperature has been conducted by wix V7§
laboratories (Paper 21)  For static tests there was no
statistical tab-to-lab vartability reported and no stanstical
difference between data from doghone and  straght
specimens. However, there was ab to-fab statistical
vanability in fatigue tests. which s currently bemng
examined.

3.3 Life Prediction

Two presentations pointed out the need tor improvements
i favgue response of TMCs. Considening the high
tensile strength of TMC, the increase in tatigue hite ot
the composite over unreintorced ttanium is disappointing
(Paper ). At low stress and a farge number of cveles,
performance 1s just equal to that of unreintorced matrix
maerial. In addinon, after a few cveles at a tarrly fow
stress level at 650°C, the clastic modulus of 4 guasi
isotropic laminate drops by 257 (Paper 1)

There was disagreement as to whether sustained toad tests
should be termed creep. Nonethelese, danny sustaimed
load at elevated temperature, matrix stress relaxes and
load is shed to the fibres It the fibres become
overioaded, they fail and subsequently the composne tails
(Paper 14). In this situation extensive damage 15 evident
tiroughout the test specrmen, not just locahized to the
matenal near the fracture surface

Understanding crack growth in TMCs s the first stepin
developing lifing procedures based on damage tolerance.
An extensive study of crack growth at room temperature
indicates that 1t may be possible 1o develop crack arrest
maps to predict behavior of dominant cracks that form in
iMCs (Paper 18)  Falure of fibres s controlled
primarily by tiic level of K, applied after fibres have
been breached by a matnix crack, and the extent of fibre
failure determines composite integrity. It 1s interesting to
note that TIMETAL®21S5 has a higher K,,, than other
titanium alloys tested. Roon; remperature crack growth
has been measured on large (306 mm x 63.5 inn center
cracked coupons (Paper 15). The work 1s 1ntended to
determine whether results from testing small coupons
scale directly to larger coupons representatise of arrframe
structure. If scale effects are to be deciphered, this work
must be closely coordinated with persons testing matenal
coupons.




3.4 Design Needs

A prescntation discussing TMC modeling required for
d¢ sign was helpful in putting modeling efforts presented
at the meeting 1n perspective (Paper 23). TMC modeling
is made difficult by complicated behavior including the
presence of thermal residual stresses, plastic flow and
viscoplastic behavior, anisotropic yielding, nonlinear
stress strain behavior, a difference 1n tensile and
compressive behavior, and the influence of temperature
on propertics.  The importance of proper material
modeling duning structural design was demonstrated by
fatlure of a large TMC Wing Torque Box at design limit
load and room temperature (Paper 2). A factor
contrtbuting to the premature farlure was the lack of
finite element models to account for the difference In
static, nonlincar tensile and compressive behavior of
T™C.

Both microscopic and macroscopic models are needed tor
design and bhehavior understanding. A micromechanical
model was presented which utthzed a complex unitied
constitutive theory with many internal state vanables (and
matenal constants) to model the viscoplastic behavior of
umt cells ancorporating fibre and matrix  elements
(Paper 7). The modcl is able to represent strain rate
effects. Macroscopic models will be the primary tool for
analvzing TMC structural destgns. The VISCOPLY code
incorporates  the  simple  vamishing  fibre  diameter
micromechanics model 1n - a macromechanics laminate
code (Paper 19y The viscoplastic model utihized in
VISCOPLY captures monohithic and composite response
with just two parameters av each temperature.  Fibre
matrix interface farfure 1s modeled by reducing the fibre
modulus i the micromechanics model by a factor of ten.
fixcellent correlation was achieved between predicted
compostte stress strain plots and experimental data for a
thermomechanical fatigue loading representative of a
generic hypersonic flight profile In additon, constituent
fibre and matrix response s predicted  Designers should
find the VISCOPI Y code to he a very usetul analytical
ool without excess complexaty

It was previousty discussed that laminate mechamcal
properties vary hinearly with the percent of [0f phies
tPaper 1) In addition that presentation pointed out that
designers of TMC structures must account tor TMC
weaknesses,  such as  low  transverse  strength  and
relatively low fatigue strength cas compared to the high
tensile strengthy. Hoop wound  engine dises take
advantage of the superb TMC umdirectional properties
Airrframes utihize more balanced  laminates 1o resist
hiaxial loads  In additon awrtrames are stftness crincal
and must primarily resist buckhing (the NASP tuselage
demonstration article had a maximum stress of onls 16
kst at design himat loady. A udicious selection of
laminates is eritical to effective arrframe design

Design methods are ultimately evaluated based on therr
performance in predicing the response of test articles
Both arrtrame and engine TMC articles have been tested
Large airframe  articles  fabncated  pnimanly by
McDonnell Douglas tor the NASP propram  were
fabricated and tested under mechanmical and thermal loads
i an oxidizing  environment  (Paper ) Articles
performed  well, reststing buckling, the predomimant
farlure mode for stittness critical tusclage structure A
prototvpe dise fabricated by Rolls Royee has been tested
to overspeed fatlure (Paper 140 The burst speed ot
26.700 rpm attamned 18 7% hugher than predicted from

average room temperature tenssfe test data. These
successful test programs lead us to the conclusion that
application of TMC could be very near if cost can be
reduced.

3.5 Additional Note

AGARD welcomed first tme parucipation by Russia
(Paper 6) at a Structures and Matenals Panel workshop
The presemtation  highlighted matenial properties of
Russian TMC made by the foil-tibre-tonl technique at the
All-Russian Institute of Aviation Materials

4. CONCLUSIONS
1. Engine apphcation of TMC will probably precede
arrframe applicabon.  Apphication ot TMCs 1 of
strategic importance to engine manufacturers, because
of the increased performance and tuel cconomy
achievable through TMC applicanon  International
economic competition will drive their use A
promising application 1s in engine discs, however. it
15 possible that the tirst engine application will be tor
low temperature, suffness critical parts, exploiing the
high modulus of TMC.
Cost will determine how soon TMCs will be utihized
in - acrospace  applications Automated  matenal
processing 1s needed to dnive the cost down, and no
processes with sufficient automation are asvailable
wday.  Engine parts are relatvely small as compared
to arrframe  parts, improving prospects tor their
automated processing A number ot proausing
approaches are currently being pursued to produce
dises with migh matenial quality tno touching tibres
and reproducibie properties)  The goal ot a proposed
ARPA project 1s o reduce material costs for engine
camponents to S50 b only achiesable with i highly
automated process
¥ Inadequate  material  reproductility has been
significant problem tor organizations ey aluating T™MC
and for efforts at estabhishing material allowables It
was encouragmg that many presentations emphasized
methods to - process high  quality matenial with
reproductble properties
4 There 1s no nternational consensus on test methods
tor TMC. Success of attumng speamen talure
the gage secnon Jor ensle and tangue testing has
heen mixed  Solutions tor avording speaimen talure
tn the grips include high accuracy gnp abignment and
use of test speaimen tabs
SO TMC test method round robims are extremely valuable
tor assessing reproducthility ot test methods between
laboratories  TNMO s o expensive that data must he
assembled  trom many organizations o properiy
charactenise material - behavior Addimonally .
modeters must be contident of basing their models on
reliable data
6 Considerably more work needs 1o be gecomplished to
understand  TMCO  damage  mechamisms and  their
cvoluton under sustatned toad at hieh temperature. a
topic of prime importance tor engme appheations
Issues inctude the ditference between data taken with
hot and cold erips
NDE of TMCo sl development, but carly
activities show preat promise B clticent and
sviergishic to develop NDE methods at the same time
that matergb oo neng charactansed and mecbamceal
property data 1« heing generated
K Damage tolerant design methods are necessary tor
long hife engine structures Sate Life s nappropniate
Bridged crack prowth must be understood  and

[
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modeled, possibly by uunlizing the stress intensity
facto: range due to bridging, aK,,. Novel designs
offer potential to utilize benign, nonpropagating,
bridged cracks.

. Designers must radically alter their designs and
modity their methods to successtully incorporate
T™MC.

RECOMMENDATIONS

. This AGARD workshop should be repeated about four

years hence. At that time it might be desirable to
combine TMCs und ceramic matrix composites into
one  meeung on  sivanced high  temperature
composites.

AGARD members should continue 1o meet in
appropriate forums to discuss test standards and
conduct test method round robins.  Since AGARD
countries are  already  participating  in VAMAS
Technical Work  Area 15 on Metal  Matrix
Composites. which plans to include a round robin on
TMC. there 15 no need to conduct a separate AGARD
TMC round robin. Contact Steve Johnson at NASA
Langley Rescarch Center or Netl McCartneyv at the
Nattonal Physical Laboratory  tfor VAMAS details.
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1. SUMMARY

High-temperature, light-weight materials represent
enabling technology in the continued evolution of
high-performance aerospace vehicles and propulsion
systems being pursued by the U.S. Air Force. In this
regard, titanium matrix composites (TMC's) appear to
offer unique advantages in terms of a variety of weight-
specific properties at high temperatures. However, a
key requirement for eventual structural use of these
materials is a balance of mechanical properties that
can be suitably exploited by aircraft and engine
designers without compromising reliability. An
overview of the current capability of titanium matrix
composites is presented, with an effort to assess the
balance of properties offered by this class of materials.
Emphasis is given to life-limiting cyclic and monotonic
properties and the roles of high-temperature, time-
dependent deformadion and environmental effects.
An attempt is made to assess the limitations of
currently availsble titanium matrix composites with
respect to application needs and to suggest avenues
for improvements in key properties.

2. INTRODUCTION

Titanium matrix composites [12,3], continuously
reinforced with silicon carbide (SiC) fibers, are being
seriously considered as enabling structural materials
in advanced aerospace applications such as high
performance turbine engines [45] and hypervelocity
vehicles [6]. Recognizing that the structural limits of
more conventional aerospace materials have largely
been reached, aircraft and engine designers have
turmned to TMC's as a potential avenue to significantly
increase performance-to-weight capability. In
comparison to currently available acrospace titanium
and nickel-base alloys, on a density corrected basis,
titanium matrix composites appear to offer important
advantages in terms of specific strength and stiffness.
Moreover, by selective construction of the composite,
it appears possible to improve temperature-
dependent properties and resistance to crack growth.
The utility of this material system, however, may be
dictated by its applicability to the variety of product
forms needed by the aerospace industry- for example,
nominally unidirectional composite :it.gs and rods to
be used in engines and laminated plaies and beams

needed for aircraft structures. Ultimately, the viability
of TMC's will be measured in terms of the balance
between specific structural needs and application
requirements versus cost and reliability issues.

Within the U.S. Air Force, the Integrated High
Performance Turbine Engine Technology (IHPTET)
initiative is the primary force driving the introduction
of TMC's in turbine engine components. This
initiative, which is funded cooperatively by the US. Air
Force, Army, Navy, National Aeronautics and Space
Administration (NASA), and Advanced Research
Projects Agency (ARPA), involves research and
development by seven major acrospace companies
and a variety of Government research organizations.
The objective of the program is to double turbine
engine propulsion capability through an integrated
approach in which advanced materials enable
innovative structural designs and improved
aerothermodynamics to achieve higher thrust-to-
weight ratios and lower specific fuel consumption.
Although the major payoff comes from rotating
components such as structural rings, a variety of
rotating and static components are being considered,
including turbine engine blades, vanes, stators,
actuators, struts, and nozzles. Most of these
applications permit the use of unidirectional
composite construction.

Another force behind the development of TMC's is
generic hypersonic vehicle technology. Technically
defined as achieving speeds of Mach 5 and greater,
hypervelocity flight requires new high-temperature
materials with improved weight-specific properties. In
addition to structural beams, a hypervelocity vehicle
will require large areas of structurally-stiffened,
composite panels that will experience biaxial loading.
In these applications composite laminates of various
architectures are anticipated.

Ultimately, the use of TMC's in structural applications
will depend on a number of factors that include: life-
cycle cost, producibility, a range of mechanical
properties, and reliability and maintainability in
service. To qualify a new material for use in a critical
structural component, a comprehensive testing and

Presented at an AGARD Meeting on ‘Characterisation of Fibre Reinforced Titanium Matrix Composites, September 1993,




1-2

analysis program must be conducted, and this can
only be justified if the payoff for using the material is
substantial. TMC's, for example, must demonstrate
mechanical properties that exceed, at least in key
areas, the capability of less-costly monolithic
materials. Coupled with this requirement are the
needs for high reliability in extended use and the
ability to predict component life accurately.

The objectives of this paper arc to cxami. ¢ the state of
development of titanium allc, matrix composites and
explore the prospects for application of this class of
materials for a variety of high temperature aerospace
structural applications. The approach will involve
comparing and contrasting, on a density corrected
basis, first- and second-geaeration TMC's with more
traditional aerospace alloys: monolithic titanium and
nickei-base alloys. Emphasis will be placed »n
considering the balance of properties needed for long-
term structural use under realistic combinations of
cyclic and sustained load in a high-temperature
oxidizing environment. An attempt will be made to
relate material properties and the underlying
microstructural mechanisms that control useful life
and to outline possible avenues for future
improvements of this class of materials.

3. MATERIALS

The information to be presented comes from a variety

of sources. In each case, a primary consiceration was
the availability of an extensive range of mechanical
property data that c,uld be used in a broad-based
comparison of material capability. Results on the first-
generation titanium aluminide composite, SCS-6/Ti-
24A1-11ND, are from 1 U.S. Air Force contract with
Allison Gas Turbine Division of General Motors,
reported by Gambone [7,8], as well as from efforts by
the authors and our colleagues on identical material
produced under the contract. Data on the second-
generation TMC, SCS-6/TIMETAL®21S, are from
recent work of the authors and our Air Force
colleagues. The capability of the composite materials,
and their monolithic matrix alloys, will be compared
with a variety of monolithic materials: the nickel-base
superalloy IN100 [9,10], which is used in turbine disks,
the high temperature titanium alloy Ti-1100(11,12,13],
and a relatively new titanium aluminide alloy [14]. All
the property comparisons are for tests conducted in
air. The data are presented on a density-corrected
basis because of the anticipated use of the material in
turbine engine and airc:aft applications, where
benefits in weight-specific properties are crucial.

3.1 ¢CS-6 Fiber

Both of the composites to be discussed contained the
silicon carbide fiber SC5-6, manufactured by Textron
Specialty Materials Division. The fiber, which is
produced by chemical vapor deposition on a carbon
monofilament core, is B-phase SiC having a radially
columnar grain structure and a double-pass, carbon-
rich outer coating, which is added to control reactions
with titanium alloy matrices and to prevent fiber
damage during normal handling. The fiber has a
nominal diameter of 142 um. The room temperature
elastic modulus of the fiber was approximately 385

GPa, and the measured tensile strength of the fiber
was 4200 MPa at room temperature and 3620 MPa at
650°C (7].

3.2 SCS-6/Ti-24A1-11Nb

The 5CS-6/Ti-24A1-11Nb composite panels, which were
nominally 150 mm by 150 mm and 8 plies in thickness,
were fabricated at Textron Materials and
Manufacturing Technology Center by hot isostatic
pressing alternating layers of woven fiber mat and
matrix foil. Composite architectures of [0lg, 10/90}5,
0/+45/90)s (quasi-isotropic) were produced, and
micrographs of the {0]g material are presented in Fig. 1.
The material contained a nominal fiber volume
fraction of 0.35, and the equiaxed microstructure of the
matrix alloy (Ti-24Al-11NDb, atomic percent) contained
approximately 90 percent continuous a; phase
(ordered DOyg structure) surrounding small islands of
disordered B phase [ 15]. At the fiber-matrix interface, a
thin reaction zone is present, and within 5 to 10 pm of

the fiber, the composite matrix is single-phase a; The
development of the microstructure was dictated by the
HIP consolidation, which was performed below the B
transus, followed by a slow cool to room temperature.
General discussion of foil-fiber-foil composite
fabrication may be found in [16,17].

3.3 SCS-6/TIMETAL®21S

Metastable beta titanium alloys have received
attention as matrix materials for continuous fiber
composites, because they overcome the problems of
low ambicnt-temperature ductility and processing
difficutues inherent to titanium aluminides such as Ti-
24Al1-11Nb. (See [18] for a review of the physical
metallurgy of metastable beta alloys.) However, a
considerable tradeoff in elevated temperature
mechanical properties and, to a lesser extent,
oxidation resistance is required for the substitution of
beta alloys for aluminides in TMC's. A new metastable
beta alloy developed by TIMET, designated as
TIMETAL®21S (Ti-15Mo0-2.7Nb-3A1-0.2Si, weight
percent), offers superior oxidation resistance to the Ti-
15V-3Cr-3A1-3Sn metastable beta alloy that has been
used previously for TMC's, while maintaining the strip
formability required for composite fabrication.
Oxidation of TIMETAL®21S at 815°C has been
reported to be only 3-4 times greater (by weigh gain)
than representative alpha-two and gamma titanium
aluminides, and is attributed to the presence of Mo as
the primary beta phase stabilizer. The retention of
room temperature ductility, characteristic of beta
alloys, facilitates the abrication of composites by the
foil-fiber-foil method. A representative cross section of
a(0}4 composite is shown in Fig. 2. The volume fraction
of the (014, [0/90is, and [0/445/90]g laminates tested was
nominally 0.35, although variations in actual volume
fraction in this material of +0.03 existed on a panel-to-
panel basis.

Substantial strengthening in this alloy can be
produced by solution heat treatment and subsequent
aging to form a fine distribution of aipha in a beta
matrix. The elevated temperature strength of
TIMETAL®21S is considerably bctter than other




metastable beta-alloys but certainly not equivalent to
the aluminides at the highest anticipated use
temperature of 815°C. The standard as-heat-treated
microstructure for SCS-6/TIMETAL®21S composites
is shown in Fig. 2. Here the SiC fiber, the two fiber
coating layers, and the reaction zone resulting from
consolidation are visible. The small reaction zone
indicates good matrix fiber compatibility, as has been
borne out by numerous thermal exposure studies. In
this example, aging was carried out for 8 hours at 620°C
to produce a fine, uniform intragranular distribution of
acicular alpha precipitates in a beta matrix. Aging at
this temperature has been shown to preclude the
formation of omega phase during thermal exposures
at lower temperatures. The alpha precipitate
morphology shown in Fig. 2 is stable for extended
times at the aging temperature or a* lower
temperatures. However, exposure to higher
temperatures and the influence of oxygen pickup can
result in considerable changes in the as-heat-treated
microstructure, as is detailed in a later section.

4. MECHANICAL PROPERTIES

The discussiun to follow attempts to present an
objective comparison of a range of mechanical
properties available from the "best” well-characterized
material in each of the various classes of advanced

acrospace materials. In the monolithic a; class, the
recently developed Ti-24A1-17Nb-1Mo was identified
as having the "best” balance of mechanical properties.
However, Ti-24Al-11Nb was also included in some
cases where Ti-24A1-17Nb-1Mo data were unavailable.
For convenience the following discussion will use the
term o alloy to refer collectively to Ti-24A1-17Nb-1Mo

and Ti-24Al-11Nb. The terms o composite and B
composite will be used to represent SC5-6/Ti-24Al1-
11NDb and SCS-6/TIMETAL®21S, respectively.

Since titanium matrix composites are expected to
serve as potential replacements for existing aerospace
alloys, state-of-the-art high temperature materials
were selected as a basis for comparison. The high-
temperature turbine engine disk alloy selected was
IN100 (PWA specification 1074), an isothermally
forged, nickel-base, powder metallurgy alloy produced
by Pratt & Whitney Aircraft and used in turbine disks
in the F100 engine [9,19]. The other primary material of
comparison was the high-temperature titanium alloy
Ti-1100 produced by TIMET, Inc. [11-13). The data
from the monolithic materials are represented by
mean trend lines; no attempt has been made to use
statistical design allowable lower-bound data, since
equivalent data were not available for the composites.
In all cases the data are presented on a density-
corrected (weight-specific) basis using the densities
listed in Table 1.

4.1 Tensile Behavior

Figure 3 presents data of density-corrected (specific)
ultimate strength of four SCS-6/Ti-24Al1-11Nb
composite laminates and the fiberless matrix alloy.
The data are mildly temperature dependent and
illustrate the range of properties offered by various
composite architectures of this materials system. The
10] 4 composite exhibits a strength approximately three
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Calculated
Material Density Density:
(Mg/m?3) SCS-
6/Matrix
(V¢ = 0.35)
SCS-6 fiber 3045
Ti-24Al-11Nb 167 4.101
TIMETAL®21S 4.931 4271
Ti-1100 4516
Ti-24A1-17Nb-1Mo 493
IN100 7.868
Ti-6Al-25n4Zr-2Mo 4544

Table 1 - Fiber, alloy, and composite densities used in
calculating weight-specific properties.

times the strength of the fiberless matrix alloy,
althoug: the strength of this material in the {90]
orientation is approximately half the value of the
matrix alone. The laminates exhibit strengths that are
roughly proportional to the [0] fiber content. The
strength of the matrix alloy and the various laminates
decreases only slightly with temperaturc. A similar
plot of SCS-6/TIMETAL®21S laminates is shown in
Fig. 4. Here, the trends in laminate strength are
similar to those for Ti-24Al-11Nb composite, but the
effect of the much higher strength of the
TIMETAL®21S matrix alloy at low temperatures is
evident. As shown, the matrix alloy is significantly
stronger than the [0/+45/90]g composite at room
temperature, but the strengths of the two materials
cross at 500°C, and the composite has superior
strength at the higher temperatures. For purposes of
comparison, the data of Figs. 3 and 4 are presented
collectively in Fig. 5. Although the TIMETAL®21S
composite laminates are significantly stronger at room
temperature than all of the equivalent Ti-24Al-11Nb
laminates, the significant reduction in strength of the
TIMETAL®21S matrix at elevated temperature results
in approximately equal strengths for SCS-6/Ti-24A1-
11Nb and SCS-6/TIMETAL®21S composites above
650°C. Strengths of the matrix alloys cross at 600°C.

Because the SCS-6/TIMETAL®21S laminates have
superior strengths to equivalent SC5-6/Ti-24Al-11Nb
material, and for clarity of presentation, the following
two figures omit the latter material. Figure 6 presents
data of specific strength of the SCS-6/TIMETAL®21S
laminates compared with the yield strengths of the
various monolithic aerospace alloys. The yield
strengths of most of the laminates were undefined,
since these specimens failed before achieving 0.2
percent plastic strain. On this basis the three
monolithic alloys fall in a narrow band well below the
(014 composite, while the [0/90]s material exceeds the
strength of the monolithic alloys at temperatures less
than approximately 650°C. The quasi-isotropic
material exhibits strengths comparable to the
monolithic alloys up to approximately 500°C.

A similar plot of specific ultimate strength of all the
materials is presented in Fig. 7. On this basis, Ti-24Al-
17A1-1Mo and IN100 display similar behavior, with
specific strength approaching the [0/90]s laminate up
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to about 500°C. The quasi-i-otropic material strength
is inferior to all three monolithic materials over the full
range of temperature. Lf all materials, the
unidirectional composite con*.z"v< to erhibit by far
the highest and lowest strength in the 0]y and[90)4
orientations, respectively.

As shown in the preceding figures, the ultimate
strengths of both SCS-6/Ti-24A1-11INb and SCS-
6/TIMETAL®21S are strongly dependent on laminate
architecture. This effect is more easily visualized by
plotting the strength against a geometric parameter,
such as the volume fraction of [0] fibers in the
laminate, as illustrated in Figs. 8a and 8b for the B and
oy composites, respectively, for a variety of
temperatures. With the possible exception of the
quasi-isotropic laminate, the ultimate strengths are
proportional to the volume fraction of {0] fibers. The
low strength of the [90] material reflects the very weak
fiber/matrix bond that exists in these composites,
combined with the effect of matrix strength.
Considering the values of the data for the [0/+45/90)s
laminates, it appears that the contribution of the {£45]
plies is only slightly greater than for [90] plies, and the
benefit of the [+45] plies appears to be reduced as
temperature increases.

Figure 9 presents data of tensile ductility measured as
percent elongation for the composites and the various
monolithic materials. All of the laminates exhibit
failure strains that are much less than the more
conventional materials, although Ti-24Al-17Nb-1Mo
approaches the composite ductility at low and high
temperature. It should be noted, however, that the
plotted failure strain represents total strain at failure
for the composites and plastic elongation for the
monolithic materials. The low strains at failure for the
composites containing (0] plies are dictated by the
behavior of the SiC fiber, which fails at a total strain of
approximately one percent.

Figure 10 illustrates measurements of specific Young's
modulus for the various materials, and only the [0}
composites exhibit outstanding behavior. The specific
stiffness of the cross-ply and [90]g laminates is slightly
higher than that of conventional materials. These data
are somewhat misleading, however, because the
measurements were from initial loading of tension
tests. During initial loading, separation of the
fiber/matrix interface occurs in the off-axis plies, and
thereafter a drop in modulus is often observed in
laminates containing off-axis fibers. For example, as
shown in Fig. 11, in fatigue at 650°C SCS-
6/TIMETAL®21S (0/145/90])s laminates undergo a
drop in modulus of approximately 25 percent during
the first few cycles of fatigue.

4.2 Stress Rupture

To provide a measure of long-term, high-temperature
capability of the various materials, the Larson-Miller
parameter was used to correlate stress-rupture lives
for a range of test conditions. The density-corrected
Larson-Miller plot, shown in Fig. 12a, presents data
from both composite systems and the comparison
materials. The [0]g and [90]g SCS-6/Ti-24Al-11Nb

composite orientations exhibit the best and the worst
capability of this material, respectively, and the
associated (0/90]s and {0/145/90]¢ laminates data fall
in the intermediate range. The available data [20]
indicate that the SCS-6/TIMETAL®21S composite
significantly outperforms the a; composite in all but
the [90] orientation. The IN100, Ti-24A1-17Nb-1Mo,
and Ti-1100 monolithic alloys are obviously
competitive with the SCS-6/Ti-24Al-11Nb cross-ply
laminates, but the TIMETAL®21S composite has
significantly more attractive properties. For clarity,
Fig. 12b re-plots these results, omitting the SCS-6/Ti-
24A)-11NDb data. The B composite laminates exhibit
good creep resistance, particularly considering the
extremely limited creep capability of the monolithic B
matrix alloy.

As shown in Fig. 13, the creep capability of the various
laminates is proportional to the volume fraction of [0]
plies. The (0] plies are primarily responsible for the
measured creep resistance, while the [90] and {+45]
plies contribute very little to creep resistance. The
creep rupture capability of the [90] oriented specimens
is controlled by the creep resistance of the matrix alloy,
which is substantially better for Ti-24Al-11Nb than
TIMETAL®21S. It is speculated that the difference in
slope between the two composite systems is due to the
presence of a Mo crossweave that was used in  weaving
the fiber mat in the Ti-24A1-11Nb composite. As will be
discussed, this crossweave oxidized readily, leading to
early cracking and penetration of the atmosphere to
the fiber-matrix interface region and resulting
degradation of the fibers.

4.3 Fatigue

Assessing the fatigue capabilities of a variety of
materials is an involved process, considering the wide
range of potential usage and test conditions. For
comparison purposes, data are presented for tests
performed at 650°C and stress and strain ratios of near
0. Fig. 14 compares density-corrected trends from
available data for the p composite, the op composite,
IN100, and Ti-24A1-11Nb monolithic materials.
Monolithic Ti-24Al-11Nb was used for this comparison
as opposed to Ti-24A1-17Nb-1Mo or Ti-25A1-10Nb-3V-
1Mo because of a lack of data in the literature on the
latter alloys at the necessary temperatures and stress
ratios. The trend for the Ti-24Al-11Nb plate material
was taken from two sets of data, one at a strain ratio of
0and 0.17 Hz and the other at a stress ratio of 0.05 and
30 Hz, generated under a contract performed by Pratt
and Whitney Aircraft [21]. The IN100 curve was
supplied to the authors by Pratt and Whitney Aircraft
and is an estimate based on low cycle fatigue at other
temperatures and yield stress data (22]. The SCS-6/Ti-
24A1-11Nb [0l curve was generated using a frequency
effect model proposed by Nicholas and Russ for this
composite system {23]. The model predicts cycles-to-
failure as a function of applied stress and was
developed using data at frequencies ranging from
0.0028 to 30 Hz. The curve in Fig. 14 represents the
predicted values for a frequency of 1 Hz. The SCS-
6/TIMETAL®21S curves describe data generated by
the authors, and all tests were performed at a stress




ratio of 0.1 and 1 Hz. The trends indicate that the two
(0] composites have very similar S-N behavior at 650°C
and show significant improvement over the monolithic
Ti-24A1-11Nb. The unidirectional composites do not
show the same advantage over IN100; when
comparing lives for a specific stress range of 110
MPa/(Mg/m3) the fatigue lives of all three materials
are within a factor of 2. However, the composites may
be superior for higher stresses with lifetimes below 105
cycles, where IN100 data were not available. The
[0/90) and [0/145/90)s SCS-6/TIMETAL®21S
laminates demonstrate performances worse than the
monolithic materials and the unidirectional
composites over the entire range of lives compared.

Looking at the reduction in specific fatigue strength as
a function of the [0] fiber volume fraction in the SCS-
6/TIMETAL®21S composite, Fig. 15, with the
exception of the [0/90]s lay-up, a relatively linear
relationship is evident. For this comparison, values of
specific stress range were taken at 10* and 105 cycles
from the curves representing the laminates’ S-N
behavior. Data on a [0/90/0] lay-up have also been
included for completeness. Multiple small cracks
initiating at [90) fibers have been observed under
comparable test conditions by Russ and Hanson for a
[0/90)s lay-up [24] and may provide the explanation
for the relatively low fatigue lives of this laminate.

4.4 Fatigue Crack Growth

Material comparisons on the basis of fatigue crack
propagation are also particularly complex. In addition
to effects of temperature, stress ratio, and frequency,
crack growth rates in TMC's depend acutely on the
degree of crack bridging by unbroken fibers, which is
dependent on specimen geometry and stress level.
For illustrative purposes, however, some example data
for tests of [0] material in the two composite materials
are presented in Fig. 16, along with data from some of
the monolithic comparison materials. The SCS-6/Ti-
24A1-11INb [25,26] and SCS-6/TIME™ AL®21S 127)
composite data represent crack growth in specimens
containing a center hole tested at a range of stress
levels at 650°C, R=0.1, and the indicated frequencies.
Significant, although incomplete, crack bridging
occurred in both composite materials, giving rise to
excellent crack growth resistance. Although not
shown, data from [0/90]g and [0/+45/90]g SCS-
6/TIMETAL®21S tests indicate much more rapid
crack growth rates, consistent with the volume fraction
of [0] fibers in each laminate.

5. MICROSTRUCTURAL STABILITY AND
DAMAGE MECHANISMS

Some of the shortcomings evident in the data of both
SCS-6/Ti-24Al-11Nb and SCS-6/TIMETAL®21S are
associated with microstructural and mechanistic
issues that are now reasonably well understood, as
discussed below, Eliminating, or minimizing, these
effects in future titanium matrix composite materials
provides approaches to improvement of overall
material performance.

5.1 SCS-6/Ti-24A1-11Nb

Crossweave Effects

Much of the $CS-6/Ti-24A1-11Nb composite fabricated
to date has incorporated molybdenum crossweave
wire to maintain fiber spacing during fabrication.
Superior room temperature tensile properties of
composites consolidated with this crossweave was the
basis for its choice; however, in-depth characterization
of mechanical properties in a number of studies has
revealed the detrimental nature of the Mo crossweave
123,28,29]. Not only does Mo form brittle intermetaltic
reaction products with Ti-24Al-11Nb [30], it also forms
MoO, which is volatile above 700°C (31]. When
present on exposed composite surfaces in air at high
temperatures, these crossweave wires oxidize and
provide a direct path for environmental attack of the
fibers. This attack is manifested by the presence of
molybdenum on many fracture surfaces of specimens
tested at elevated temperature in air under tension,
creep, and thermal and thermomechanical fatigue.
Figure 17 presents an example of composite damage
due to oxidation of the Mo crossweave [3].

Ideally, if a crossweave is to be utilized, it should be
manufactured from the same alloy as the matrix.
However, progress in the processing of ribbon and thin
gage wire must be made before identical alloys for
both matrix and crossweave can be incorporated into
intermetallic matrix composites. The use of
alternative crossweave materials [32], in spite of their
improved performance over molybdenum, are
generally considered interim solutions, and a
transition to composite processing techniques that
avoid the use of crossweave materials altogether is an
option currently being considered.

Thermal Fatigue/Environmental Effects
Thermal fatigue of TMC's results in significant
variations in constituent residual stress states [33] due
to the large difference in coefficient of thermal
expansion (CTE) between the matrix and the fiber
(CTE jatrix = 2 * CTEgiper). SCS-6/Ti-24Al-11Nb has
been shown to be particularly vulnerable to damage by
thermal fatigue {34,35,36,37], due to the low tolerance of
the matrix alloy to interstitial oxygen, which leads to
oxide notch formation and crack growth (38]. It has
been shown that thermal cycling [0l4 SCS-6/Ti-24Al-
1IND between 150 and 815°C in air results in almost a
total loss in residual strength after only 500 cycles,
while no effect on strength was observed when the
material was cycled in an inert environment [3].
Although elimination of the atmosphere alleviated the
environmental problem, initial attempts to use a
surface coating to achieve the same protection were
unsuccessful due to early cracking of the coating,
which lead to a rate of loss in residual strength
equivalent to the uncoated material [3].

5.2 SCS-6/TIMETAL®21S

As described earlier, metastable beta alloys such as
TIMETAL®21S have received considerable attention
as matrices for TMC's, in part, because they offer
substantial improvements in ambient-temperature
ductility, albeit at a substantial loss in elevated
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temperature strength when compared to titanium
aluminides, such as Ti-24Al-11INb. At the higher
intended service temperatures, however,
microstructure evolution, surface and interface
oxidation, and matrix oxygen enrichment create a
situation where matrix and composite mechanical
properties are strongly dependent on thermal history.

Figure 18 shows the interior and near-surface
microstructures of a [0]4 SCS-6/TIMETAL®21S
composite subjected to isothermal exposure in air at
815°C for 500 ks (139 hours). In the specimen interior,
where oxygen enrichment is minimized, the
development of a coarse distribution of blocky alpha is
observed, as shown in Fig. 18a. The near-surface
matrix microstructure for this exposure is shown in Fig.
18b. Air exposure has led to the development of a
substantial oxide scale and to the stabilization of a
high volume fraction of acicular alpha. Although,
considerably coarser than the alpha in the as-heat-
treated microstructure, the alpha morphology
resulting from oxygen stabilization is considerably
finer than that observed farther from the specimen
surface.

Paris and Bania (39] have shown that considerable
strengthening can result from oxygen levels above 0.25
w% in TIMETAL®21S. This strengthening is
accompanied by a substantial loss in room
temperature ductility. This is illustrated dramatically
in Figure 19 which shows the room temperature tensile
fracture surface of an as-heat-treated [0), SCS-
6/TIMETAL®21S sample, Fig. 19a, and a sample which
had been thermally cycled for 500 cycles between 150
and 815°C, Fig. 19b. In the as-heat trcated sample,
matrix failure is by microvoid coalescence, and the
fracture is completely ductile. In the thermally cycled
sample, however, the outer matrix region fails in a
macroscopically brittle manner, illustrating the
damaging influence of oxygen embrittlement during
the relatively modest time at the higher temperatures
during thermally cycling.

Under service conditions where significant oxygen
contamination can be anticipated, it is clear that the
as-heat-treated properties in alloys such as
TIMETAL®21S cannot be used to model or predict
damage accumulation processes over an extended
service lifetime. For example, Revelos et al [38] have
demonstrated that the damage accumulation
processes in thermal fatigue of composites with a
TIMETAL®21S matrix are essentially the same as
those observed in similar composites with Ti-24Al-
11Nb as the matrix. Thermal fatigue in continuous
fiber composites is essentially an out-of-phase
thermomechanical fatigue condition where matrix
damage predominates. Based on starting
microstructures it would be expected that the more
ductile TIMETAL®21S matrix would be substantially
less prone to thermal fatigue degradation than Ti-24Al-
11Nb. The susceptibility of TIMETAL®21S to thermal
fatigue, and by inference to thermomechanical
fatigue, can be attributed to embrittlement of the
near-surface regions by oxygen and to the
development of oxide notching as a major damage

mechanism. These damage accumulation processes
are shown in Fig. 20 where a longitudinal section
reveals the penetration of an oxide-filled crack which
has progressed from the surface to the first fiber layer,
resulting in severe fiber interface degradation by
oxidation. Thus oxide scale formation and subsequent
cracking, coupled with near-surface matrix
embrittlement promote relatively rapid damage
accumulation during thermal fatigue and, in effect,
render the potential improvements from a more
ductile (as-heat-treated) matrix ineffective.

6. DISCUSSION

The range of mechanical properties possible from
titanium matrix composite laminates represent an
important, exploitable asset of this class of materials,
but tailoring these materials to suit specific application
needs must be accomplished with full knowledge of
the long-term ramifications of the selected approach.
Significant property enhancements are very often
achieved by sacrificing other properties, and material
and structural designers must be ever vigilant to avoid
solving one problem by creating another.

At present the extremely limited availability of fibers
compatible with the aggressive processing steps
required in fabrication of titanium alloy composites
severely restricts options for design and development
of improved materials in this class. Thus, most of the
recent efforts to develop improved TMC's have
focused on the matrix alloy. In this regard, comparison
of the first- and second-generation materials
employing the same fiber (SCS-6) but having titanium
matrices (Ti-24Al-11INb and TIMETAL®21S) with
dramatically different properties provides insight into
the potential improvements in TMC's through matrix
alloy selection.

As shown in Figs. 3-5, a significant improvement in
composite strength at low temperatures was achieved
by substituting TIMETAL®21S for Ti-24Al-11Nb, but
no advantage was exhibited at the higher
temperatures. Each of the materials in the [0]
orientation was of substantially greater strength than
the conventional monolithic alloys, but the
corresponding [90] strength severely limits the possibie
applications of such a unidirectional composite.
Achieving more balanced in-plane strength by
constructing laminates containing off-axis plies
significantly reduces the maximum strength - in some
cases to values less than those possible from existing
monolithic materials, particularly on the basis of
specific ultimate strength. Obviously, tailoring the
laminate to fit the specific structural need is essential.

The limited ductility available from these composites
(Fig. 9) represents a significant challenge to structural
designers who have traditionally had the luxury of
using much more forgiving materials. Although
ductility is not typically a design limiting property,
ductility sufficient to accommodate structural
assembly is necessary, and the ability to redistribute
concentrated loads is important.




As shown in Fig. 10, laminates containing off-axis plies
do not exhibit the outstanding stiffness available from
[0] composites, and an appreciable drop in stiffness of
the cross-ply laminates occurs during fatigue (Fig. 11).
Both of these factors place an additional premium on
laminate tailoring.

Composite creep also represents a significant design
challenge. Although (0] plies significantly resist creep
strains, (90] and [+45] off-axis plies pose little resistance
to creep. This fact, combined with [0]-ply matrix stress
relaxation due to creep, tends to quickly increase (0]
fiber stress in cross-ply laminates. As shown, the SCS-
6/TIMETAL®21S cross-ply laminates demonstrate
relatively good creep capability. As discussed below,
however, interpretation of the significance of these
composite data is complicated.

A key concern involved in applying coupon creep data
to prediction of behavior of a structural component
relates to load transfer between the fiber and the
matrix. It is well known that transfer of interfacial
shear stress in both SCS-6/Ti-24A1-11Nb and SCS-
6/TIMETAL®21S composites occurs primarily due to
the compressive residual stress which clamps the
matrix around the fiber at low temperatures. At
elevated temperatures this residual stress approaches
zero, due to the differential thermal expansion
between the matrix and the fiber. In conventional test
specimens, mechanical grips are used to apply loads
to the ends of the specimen. Under these
circumstances {0] fibers are artificially loaded at their
ends, significantly enhancing load transfer. In
structural applications, no such compressive force will
be applied, and load transfer must occur naturally.
This is particularly acute at the points of introduction
of loads into the structure. In structural rings, which
are essentially continuous unidirectional composites,
loading is largely circumferential. However, most
other geometrical configurations require loading
either by bonded joints or pin loading. Under these
circumstances fiber/matrix load transfer and matrix
creep behavior become crucial, suggesting that the

poor creep capability of B titanium alloys such as
TIMETAL®21S may be a severe detriment.

The fatigue data of Fig. 14 are somewhat alarming.
The SCS-6/TIMETAL®21S [0/90]g and [0/145/90}g
laminate data fall well below the capability of
monolithic IN100 and Ti-24Al-11Nb. Although the (0]

data for both the a; and § composites appear
approximately equivalent to the IN100 data, it should
be noted that, while the specific tensile strengths of the
twn composites were approximately equal at 650°C,
their [0] strength was approximately double that of the
IN100. Obviously this strength advantage was not
retained in these fatigue tests. Based on the
equivalence of the [0] data for the two composites,
there appears to be no appreciable effect of alloy
matrix on (0] fatigue performance under these 650°C
test conditions, indicating a dominant role for the fiber.
This has been demonstrated through analytical
modeling for TMF lives [40,41] for both SCS-6/Ti-24Al-
1INb and SCS-6/TIMETAL®21S.  Although not
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available, the associated data for fatigue in the (90]
orientation can be expected to be very low.

The presence of [0] fibers in the composites offers
significant advantages in terms of improved resistance
to fatigue crack propagation. As noted earlier, the
beneficial effect of crack bridging tends to scale with
the volume fraction of (0] fibers.

Thermal fatigue, combined with environmental
effects, poses an unusual problem due to the cyclic
residual stresses in the composite matrix, which are
not present in unconstrained monolithic materials
subjected to thermal cycling. As noted earlier,
titanium composites of both matrices undergo
significant damage under thermal fatigue, and the
mechanisms of damage are essentially the same for
both materials. A protective coating may provide a
solution to this problem if the integrity of the coating
can be maintained throughout the composite’s service
life.

7. CONCLUDING REMARKS

A key issue in the comparison of TMC properties with
the monolithic materials is the performance of the
various laminates. Although [0] data for the various
mechanical properties were often outstanding,
properties of the (90] orientation of the same material
were typically extremely low, and the laminate
behavior was roughly described by a rule mixtures of
the lamina. In many instances the [0/145/90]g, and to
a lesser extent the [0/90]s, laminates exhibited
mechanical properties that were approximately equal
to, or less than, properties available from the
monolithic materials. Many of the deficiencies in the
mechanical behavior of [90] and cross-ply laminates
appear to be the result of the very weak fiber/matrix
interface under transverse stress, which severely
restricts the load carrying capability of the off-axis
plies. Recognizing that the issues of material cost and
reliability in extended service must still be addressed,
it appears that use of laminates of either of the TMC's
examined must proceed with great care. It is essential
that the laminates be tailored to the specific
application, with full recognition of the specific design
needs. For example, composite ring components in
turbine engines must be designed such that the radial
stresses do not exceed the [90] properties of the
unidirectional composite, if this material is to be used.
In panel configurations, it is crucial that the laminate
be tailored to fit the actual stress state, in order to
utilize the attractive properties that TMC's potentially
offer.

It should be remembered that SC3-6/Ti-24A1-11Nb
represents a first-generation titanium aluminide
composite, and although SCS-6/TIMETAL®21S shows
significant advances, further improvements in TMC
properties through design of the composite as a
system (fiber, matrix, and interface) appear likely.
Future materials offer important potential
improvements in terms of environmental resistance,
as well as matrix strength and creep resistance at high
temperatures and ductility at low temperatures.
Presently, the development of high temperature
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titanium matrix composites using an integrated
approach are targeting improvement in matrix alloys
to circumvent the environmental and ductility
limitations of first-generation alloys. Titanium alloys
that contain the orthorhombic Ti; AINb phase exhibit
significantly higher room-temperature ductility,
toughness, and specific strength than Ti-24Al-11Nb
[42,43]). Smith et al [44,45] chose this class of alloys
(specifically, Ti-22A1-23Nb) as an improved matrix
material based upon knowledge of the limitations of
existing matrix alloys. Moreover, efforts are underway
to improve transverse creep and tensile properties by
developing fiber coatings to improve fiber/matrix
bonding without sacrificing the fracture toughening
benefits that exist under (0] loading. More research in
this area is, however, required. Another potential
avenue for improvement in propcrties, particularly for
cross-ply laminates, is to increase the fiber volume
fraction (V). Not only does increasing V; have the
potential to improve the various mechanical
properties, but it also results in a reduction of
composite density. However, careful selection and
processing of the matrix material, combined with
innovative consolidation methods, will probably be
required to achieve a meaningful increase in fiber
volume fraction.

From the point of view of composite usage and
reliability in critical structural applications, it is clear
that design philc-ophies must be developed for using
materials that have very limited ductility. In addition,
methods for nondestructive evaluation of initial and
service-induced damage must be developed and
demonstrated, and much work is needed to develop
mature approaches for life prediction of these
materials in the complex thermomechanical
environment in which they are required to operate.

Ultimately, the widespread use of titanium matrix
composites will depend on a combination of factors
that include life-cycle cost, fabricability, consistent
material properties that significantly exceed
capabilities of current materials, and reliability in long-
term service. Although a number of important
advancements are in progress, much work remains,
and unprecedented cooperation among the materials-
development and mechanical-design communities
will be required to attain the full potential of these
novel materials.
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Fig.17. Cross section of SCS-6/Ti-24A1-11Nb subjected isothermal exposure for two hours in air at 815°C
showing oxidation of Mo crossweave and associated composite matrix cracking [3].
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Fig. 18. (a) Interior and (b) near-surface microstructures of [0], SCS-6/TIMETAL®21S composite subjected
isothermal exposure in air at 815°C for 500 ks.
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Fig. 19. Fracture surfaces of [0]4 SCS-6/TIMETAL®21S specimens: (a) Room temperature tensile test of an as-
heat-treated specimen, and (b) a sample which had been thermally cycled for 500 cycles between 150
and 815 C.
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A longitudinal section of [0}4 SCS-6/TIMETAL®21S showing the penetration of an oxide-filled crack
which has progressed from the surface to the first fiber layer, resulting in severe fiber interface
degradation by oxidation.
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APPLICATIONS OF TITANIUM MATRIX COMPOSITE
TO LARGE AIRFRAME STRUCTURE

Timothy M. Wilson
McDonnell Douglas Corporation
PO Box 516
St. Louis MO 63166
United States

ABSTRACT

Advanced Titanium Matrix Composite (TMC) materials are
being developed for structures that must withstand high temper-
atures, possess high stiffness and be lighter. Scale-up of the
TMC material system from the laboratory environment to large
~tructural components has required significant advancementsin
design, manufacturing and assembly technology. Numerous
large scale, TMC components have been developed, fabricated
and tested to verify the feasibility of structural/material con-
cepts for hypersonic vehicles. These articles include thick lam-
inate TMC wing structure, minimum gage TMC fusclage
sections, and integrated TMC fuselage/cryogenic tank struc-
ture. A summary of the development and testing of these
articles is presented in this paper.

INTRODUCTION

Titanium Matrix Composites (TMC) are being used on large
structural components to reduce weight and survive repeated
exposure to elevated temperature environments. The develop-
ment of a new material system like TMC from basic laboratory
research to large structural applications requires three basic
steps as shown in Figure 1; 1) requirements definition, 2) mate-
nal research and process development, and 3) large scale dem-
onstration and validation. It can take 10, 15 or even 20 years of
research and development before the material is proven viable.
Eash step in the material development has many challenges, any
one of which could undermine the material system if not prop-
erly addressed.

Requirements
Definition

w Material Research

and Process Development

w Large Scale Demonstration
and Validation
QP344-884-1-V

Figure 1. Steps in TMC Matsrial Development

Research on TMC has been in progress for many years, but it
wasn't until 1986 that the material received serious attention. In
this time period a significant effort to develop hypersonic
vehicles was initiated. Hypersonic vehicles establish specific
material requirements, such as temperature capability, material
allowables, durability, environmental compatibility, thermal
stability and desired product forms.

Once the requirements are defined, material research esta-
blishes the matrix composition and processing parameters.
Scale-up from small samples to larger structural forms is an
iterative process between the material scientist, producibility
engineer and the structural designer. A significant amount of
time is spent developing tooling and addressing product quality.

Large structures are assembled from smaller subcomponents or
simple structural members. Assembly techniques for cutting,
drilling, machining, and joining are established as a final part of
the material development process. Once assembled the struc-
tures are tested under representative conditions to verify the per-
formance of the material and structural concept.

HYPERSONIC VEHICLE REQUIREMENTS

The development of any new material system is typically driven
by the requirements from a specific application. Although TMC
has a wide range of possible uses, the principle application
behind TMC research is the National Aerospace Plane (NASP)
airframe.

The NASP is designed to takeoff and land from conventional
runways using airbreathing propulsion concepts to achieve
orbit. Because the airbreathing propulsion system operates
more efficiently at high dynamic pressure (low altitude and high
speed), the flight trajectory is very different from rocket pow-
ered vehicles or conventional aircraft, as shown in Figure 2. The
result of operating in this flight regime is large structural loads,
high temperatures, and large thermal gradients throughout the
structure.
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Figure 2. Typical Flight Trajectories for Hypersonic
Vehicles

Design conditiuns for structural sizing of the airframe are
selected from a combination of maneuver load factors, dynamic
pressures and acrodynamic heating. Representative structural
temperatures, shown in Figure 3, are used for establishing the
requirements for active cooling, thermal protection systems and
material selection.

Presented at an AGARD Meeting on ‘Characterisation of Fibre Reinforced Titanium Matrix Composites. September 1993.
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Figure 3. Representative Surface Temperatures

The critical challenge for the airframe is to meet all the environ-
mental requirements at very low structural weight. Weight is
more critical for hypersonic vehicles than conventional aircraft
because of the low mass fraction required to achieve orbit and
the sensitivity of the design to weight variances. Mass fraction
is the ratio of the empty weight to Take-Off-Gross-Weight
(TOGW) and determines how much usable propellant can be
carried on the vehicle. Engines for hypersonic applications
require large quantities of hydrogen propellant to generate suffi-
cient thrust and Isp for a Single-Stage-To-Orbit (SSTO) mis-
sion. This coupled with the low density of hydrogen results in
an airframe that is mostly propellant tanks that must have a very
low structural mass fraction. Figure 4 shows a comparison of
TOGW vs empty weight for conventional and hypersonic
aircraft.

106
Wempty
105
(b)
| L1 ! 1 11}
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Figure 4. Weight Characteristics of Aircraft

Weight sensitivity is the rate-of-change of the mass fraction and

is a measure of how the TOGW is affected by the empty weight.
For example, a hypersonic vehicle may have a weight sensitiv-
ity of 10. This means that for every 1 pound increase in empty
weight the TOGW will increase by 10 pounds. From Figure 4,
conventional aircraft have a weight sensitivity slightly greater
than 2. This is extremely important for hypersonic vehicles
because a small reduction in structural weight (i.e., empty
weight) can have a large affect on the overall size of the vehicle
or significantly increase margin.

The primary design drivers for hypersonic airframes such as on
NASP are weight and temperature. Candidate design concepts
must address these two issues to satisfy overall mission require-
ments. But at the same time many underlying issues such as
environmental reactions, material processing, and manufactur-
ing must be understood before committing to a final concept.

STRUCTURAL CONCEPTS

Detailed structural concepts for hypersonic airframes are deter-
mined from iterating the structural arrangement with external
environments. The structural arrangement defines internal load
paths and the interfaces between airframe components. One of
the critical structural interfaces is berween the fuselage and the
cryogenic propellant tanks.

Two fuselage / tank configurations are shown in Figure 5. The
multi-bubble non-integral concept uses two independent struc-
tures tocarry tank and fuselage internal loads. The tank pressure
and cryogen inertia Joads are carried with a stand-alone tank
structure. Fuselage loads from external aerodynamic lifting
forces are carried by the fuselage shell. A linkage systemisused
to thermally isolate the two components. The integral approach
uses a single structure to carry both the tank and fuselage loads.
Either configuration can be used in any fuselage shape, how-
ever, multi-lobed tanks are preferred for nonircular shapes
and integral tanks work well with circular cross sections.

An important feature of the structural concept is thermal protec-
tion. By using thermal protection systems (TPS), the structural
temperature of primary structure is lowered, allowing a wider
range of materials to be considered. This result may or may not
yield 2 more optimum design due to the additional TPS weight.
However, certain areas of the fuselage must use a TPS system
due to the extreme environments. The cold structure, integral
tank concept shown in Figure 5 illustrates how TPS can be inte-
grated with the fuselage/tank configuration.

Thermal stresses generated by temperature differences within
the structure influences the concept selection. An illustration of
how thermal stresses are induced is shown in Figure 6. A non-
uniform temperature distribution across the fuselage occurs due
to aeroheating and uneven thermal mass distribution caused by
ring frames used to stiffen the fuselage. The frames are cooler
than the fuselage shell causing a build-up of thermal load (Ny)
at the interface. Load continues to rise with increased thermal
gradients unless deformations (A) or buckling occur. A concept
that allows this deformation without sacrificing primary load
capability is used in areas of high thermal gradients.
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Figure 5. Fuselage / Tank Configurations

Detailed structural concepts for the fuselage shell are shown in
Figure 7. The concepts vary from hat or blade stiffened struc-
ture to sandwich type construction. Each concept is evaluated
using different materials and load conditions to establish a final

L(;;t; Cross Corrugation
Buckiing Load
Detlection (a)

structural/material concept. Design, fabrication and validation
of the concept are demonstrated as part of the material develop-
ment program.

Frame
Attachment
Ny
Ny

Frame "Pinches” Panel at Attachment

Ny — <—Ny

Figure 6. Effects of Thermal Gradients
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Figure 7. Detailed Structural Concepts

MATERIAL REQUIREMENTS

Material requirements are generated from a wide range of para-
metric studies performed at the vehicle and subcomponent
level. Using automated structural optimization techniques, pre-
liminary fuselage shell sizing can be done quickly for a large
combination of structural concepts and candidate matenials.
Material sensitivities are also calculated using this approach
such that critical material attributes like stiffness can be prioni-
tized and guide material development. These studies also estab-
lish th= benefits and risks associated with developing certain
types of structural / material concepts. They also serve to anchor
the material development program whose charter is to develop
a usable matenal system and demonstrate the feasibility of the
concept.

Candidate material / structural concepts evaluated for NASP
encompassed conventional materials as well as advanced sys-
tems. Goal properties for advanced materials are established by
evaluating the state-of-the-art in materials development,
requirements and times required to develop new materials.
TMC was the advanced material identified as most promising
for NASP airframe structure applications. Figure 8 is a plot of
specific strength as a function of temperature for several mate-
rial systems. TMC exhibits distinct advantages in the 700°F to
1500°F temperature range over other materials. Based on these
evaluations, a TMC hat stiffened concept was selected for fur-
ther development.

PROCESSING DEVELOPMENT

With material requirements and product forms defined from
applications studies, material research begins at the constituent
leve] to select a matrix alloy and reinforcing fiber. As various
formulations are examined, processing parameters are refined
to obtain a consolidated material that satisfies the requirements.

Regardless of how good the material characteristics, it must be
formed into the required structural shapes to be usable for large
applications. Therefore, significant rescarch is focused on fab-
rication and manufacturing procedures. Some of the more chal-
lenging structural shapes are shown in Figure 9.

TMC material research and process development was accom-
plished underthree activities. The first wasthe NASP Materials
and Structures Augmentation Program (NMASAP) which was
a companion program to the main NASP initiative and involved
5 national contractors working on a variety of advanced maten-
als including TMC. The second was the risk reduction portion
of the NASP program focused on critical, higi risk structure.
The third was internal research and development by McDonnell
Douglas to develop company wide expertise with Titanium
Matrix Composites. All of the large structural demonstration
articles discussed in this paper are associated with these three
programs.
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Figure 9. Structural Shapes Required for NASP
MATERIAL RESEARCH

The constituents of TMC are the titanium matrix and reinforcing
fibers. The initial focus of the NMASAP program was to select
appropriate matrix materials and reinforcing fibers to meet
NASP requirements. Seventeen matrix formulations including
both Beta alloys and Ti aluminides were evaluated. The evalua-
tion criteria, shown in Figure 10, concentrated on specific mate-
nial attributes important for high temperature applications.
Considering all of the desired attributes, the Beta or Timet™
21S alloy as the preferred matrix for a 1500° F TMC material
system.

Attention Was Focused First on Matrix Alioy Selection

Compositions Number| Selection Criteria
B 5 * Tensile Properties
* a-2 Strengthened o 1 * Thermal Stability
*a-2 9 * Creep Strength
Y 2 * Fiber Compatibility
Total = 17 * Oxidation Resistance

| Beta 215 Was Final Choice |
QP34-0084-10-V

Figure 10. Matrix Selection Criteria

Previous experience showed that the Textron SCS-6 fiber would
meet NASP clevated temperature strength and stiffness require-
ments. However, akey issue is preventing fiber / matrix interac-
tion. Titanium is highly reactive and at elevated temperatures
will essentially destroy unprotected fibers. The SCS-6 fiber
coating survived repeated exposures to NASP temperature
environments with no degradation and was selected as the base-
line fiber for all development structures. Other fibers with
smaller diameters also met the acceptance criteria for NASP.
The smaller fiber is important because of it’s direct relationship
to minimum gage laminates. Therefore, the small diameter
SCS-9 and Sigma fibers are used in some of the demonstration
hardware. A comparison of large and small diameter fibers is
shown in Figure 11.

Three Sllicon Carbide Fibers Were Compared

Diameter | 1*0%!% | podulus | Density
ength
(n.) (KSf) (msh | (LbAn.3)
scs9M| 00032 | 500 47 0.09
Sigma @ { 0.004 500 0 0.1
1240
SCS-6 (V| 0.0056 500 58 0.1
QP 34-0884-11.V

(1) Textron Speciailty Materiais, Lowell MA
{2) British Petroleum, Hampshirs UK

SCS-9 and SCS-6 Were Selected I

Figure 11. Reinforcing Fiber Properties
TMC LAMINATE PROCESSING

A general approach for combining matrix and fibers into a con-
solidated TMC laminate is shown in Figure 12 and consists of
5 basic steps.

The first step is layup. A “foil /fiber” method of layup was used
in all demonstration hardware that will be discussed later. In this
method, the matrix material is rolled into thin foil sheets and cut
into foil plys which correlate to the final part dimension. Fibers
are woven into unidirectional flat mats and plys are cut depend-
ing on the final orientation required in the consolidated lami-
nate. Cutting the fiber and foil for small parts is typically done
by hand as shown in Figure 13 , but is not well suited for high
rate production or consistent quality. iherefore, automated cui-
ting techniques, shown in Figure 13, using numerically con-
trolled chisel cutters were successfully developed and used.
Once cut, the foil and fiber plys are collated in sequence to
obtain the desired fiber orientation in the consolidated part.
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The second step in the process is to place the stack of foil / fiber
plys in the tool. The tooling approach is critical in fabricating
top quality TMC parts. Many tooling concepts and layup proce-
dures were evaluated and refined to establish the sequence
shown in Figure 14. Hard steel tooling with symmetric laminate
stacks is used to prohibit significant tool warping that occurs
with one sided tooling concepts. Since the tool and laminate
stack expand differently with temperature, buffer or slip sheets
(coated with a “stop off”’ material to prevent bonding) are placed

on both sides of the laminate stack. The complete stack is held
in place by a steel bag or bladder welded to the tool.

Depending on the final shape of the part, this step can be very
simple as with a flat laminates or very difficult requiring tooling
aids for complex parts. A foilffiber stack is being formed into
a C-channel tool in Figure 15. The photo on the left shows the
preformed steel bladder and the green stack prior to forming and
the nght photo shows the greenstack formed into the tool with
the bladder in place for welding.

Tooling and Bagging Method for TMC
Laminates Provides Reliable Consolidation

Outer Bag

~— InnerBag

Slipsheet

TMC Lay-Up
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Steel
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Into Consolidation Tool

Consolidated TMC Par

Consolidated TMC Part
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and Ready For Welding
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Figure 15, Forming of a TMC C-Channel




The third step is sealing / degassing. Sealing the bladder or bag
to the tool forms a pressurc tight cavity that can be evacuated
through a vent port in the steel tool Degassing or removing all
of the volatiles from the cavity is required for good consolida-
tion and to prevent contamination of the laminate.

The fourth step is consolidation. Consolidation of TMC is done
under high temperature and pressure using a hot isostatic press

(HIP) unit.

Temperature and pressure are phased to obtain good consol 1a-
tion and to minimize the wear and tear on the HIP. Temperatures
are slowly increased from room temperature to avoid any exces-
sive di<tortions caused by thermal gradients in the tool. Pres-
sure is kept relatively low during the heat-up process and is
increase to over 15,000 psi at the end of heat-up cycle and held
for a prescribed time period. Most of the pressure isrelieved and
the HIP is allowed to cool. At room temperature, the consoli-
dated laminate and tool are removed from the HIP.

The fifth and final step is removal and finishing. Atthe extreme
conditons during consolidation, the bladder or bag i formed to
match the outer contour of the lamminate and {lov s inio any
creases or crevasses. Bags are removed by machining or grind-
ing the bag welds and exposing areas where the “stop off™" pre-
vented diffusion bonding of the tool and bag. Once
accomphished, the bag is lifted off of the laminate stack. Slip

sheets are also removed and the laminate is wiped clean with
solvent. The laminate or part is now ready for assembly opera-
tions.

MANUFACTURING AND ASSEMBLY OPERATIONS

Operations required to prepare TMC parts for final assembly are
no different than for any other built-up structure. Parts must be
cut or trimmed into final blueprint dimensions, joined by either
fasteners, spotwelded, or brazed to make subcomponents and
finally assembled together into thc final assembly. However,
methods used to accomiplish th=se tasks are not so conventional
because of the abrasive nature of TMC. Improper cutting not
only damages tools, but can damage the part as well.

Several methods of trimming and cutting are used. The abrasive
waterjet, shown in Figure 16, uses a high pressure stream of
water with suspended abrasive particles to cut TMC. The jet is
mounted on a multi-axis head that makes continuous straight or
curved cuts. Asan example, Figure 17 hows a TMC angle being
cut into a “saw tooth™ or crenelated pattern for a curved TMC
ring frame. Multiple parts with identical geometries are pro-
duced at cutting rates of up to 30 inches per minute, making this
technique suitable for high production rate applications. The
integrity of the cut surface is also very good as shown in Figure
18.

(SR EENCHEIRTS

Figure 16. Multi-Axis Waterjet Cutter
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Cutting Crenelated Pattern In Two Finished Components For
TMC C-Channel TMC |-Beam
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Figure 17. Waterjet Cutter in Operation
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Figure 18. Cut Surface from a Waterjet
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Figure 20. Cut Surface from Diamond Wheel

Trimming Short Flange of
Curved |-Beam

Figure 19. Diamond Wheel Cutter Set-Up

The diamond cuting wheel, shown 1n Figure 19, 1s another
method used to produce excellent cutsin TMC. The diamond
wheel is mounted on a honzontal null and cutting 1~ done at con

trolled speeds and feed< by moving the part through the wheel.
Only struight cuts are made using this method due te et up pro-
cedure on the mill. Cutting rates are usually slow because this
is basically a gnnding process and excessnve heat is generated
This method produces very precise cuts as shown in Figure 20,
and 15 used for very thick pans.

Wire electrical discharged machining (EDM s g veny (levibic
method for cutting complex foms of TMC EDM L andered
a non-contact cutting method which removes mderal through
melting or vaponzanon by high trequency eledtn, ey
Since no contact 1s made between the cutting me fran e e
part, very small radii are posaible Thic method 1 et wnes
onentation or clearance preciude the nse of the waten oo
backspray. Figure 21 show<the EDMunycamin o ienis TAC
spar for the MDC Wing Torque Box armicie The 1o
shown 1n Frgure 22 required cutting the cap web ones s o

sed pan

very ight radius - A photore resraph of the want =Low o
form, good quabity cut



Cutting Through Flange of
Canted |-Beam
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Figure 21. EDM Cutting of A Wing Intercostal
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Figure 22. Completed Part Cut With EDM
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HOLE PREPARATION

Several methods are used to cut fastener holes in TMC. For thin
laminates with few holes, conventional high speed steel or
cobalt twist drills can be used, but significant tool wear requires
frequent drill replacement. On large structure with numerous
holes through thick and thin laminates two methods are used:
hole punching and diamond core dnilling.

Hole punching works well on thin laminates and at fastener
locations near the edge of the part. Hole punches are pneumatic
operated and required rigid support to limit part deflection and

minimize hole distortion. Panels for the Integrated Fuselage/
Cryotank article are being punched in Figure 23. Machines are
stationery and part size is typically limited due to the “throat”
size of the machine. Thick laminates deflect as the punch pene-
trates the matenal causing nonuniform holes or excessive mate-
rial damage around the hole. The thickest laminate punched,
shown in Figure 24, is a 24 ply SCS-6/Ti 15-3 part. The figure
shows metal smearing and fiber damage at surface of the hole
after punching. The damaged area is removed by secondary
reaming operations to achieve final hole dimensions. Several
passes and several reamers may be required during this process.

GP3a 06R4 20

Figure 23. Hole Punching of integrated Fuselage/Cryotank Panels
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Figure 24. Hole Integrity From Punching and Reaming Operations

Neither conventional twist dnlls or punching will consistently
produce high quahty holes in thick TMC laminates. Diamond
core dnlis are used for these applications. The core drills are
tubular with a diamond matnx built up on one end simiar to dia-
mond gnnding wheels. As the dnll rotates, the diamond edge
cuts the TMC and material 1s removed from the tube. This pro-
cedure 15 used on other MMC materials, but special modifica-
tions to the core dnll design, drill motors and procedures has

yielded better cutting efficiency and hole quality for TMC. This
method 1s adaptable to multiple dnll set-ups, shown in Figure
25, for large TMC structure.  Aluminum dnll templates are
designed to hold several dnlls at one time. allowing the operatar
work on more than one hole ar a time. Hole quality from this
method is excelient as shown in Figure 26. Hole tolerances can
be held to +/- .006 inches for a 32 ply TMC lamnate.

Uses Conventional Rigid Set-Up

Close-Up of Drilled Holes

Figure 25. Muitiple Drill Set-Up Used on Large Assemblies
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Figure 26. Core Drill Holes Are Good Quality
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SPOT WELDING AND BRAZING

While mechanical fastening is a pnnciple method used for
assembly other techniques of joining TMC structures are feasi-
ble. Two methods, spotwelding and brazing, are useful for sub-
Component Tabncaaor and precivae much of the hole dnlhing
required on large structure.

The spotwelding process consists of clamping two pieces of
TMC together with electrodes. discharging electncal current
through the electrodes causing local heating and jowning of the
two pieces. Parameters such as clamping force, electrode diam-
eter, and amperage have significant effect on the integnty of the
spotweld “nugget”. Nugget size and quality 1s directly related
to the strength and durability of the joint. Since the process
requires a rigid set-up, the part size is limited by the “throat™
dimension of the spotweld machine. Shown in Figure 27 is a
typical machine used for spotwelding and Figure 28 shows a
close-up of a hat stiffened panel from the Integrated Fuselage/
Cryotank article.

S Spot Welding
Fixture

Figure 27. Spotwelding of Hat Stiffened Panels
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Figure 28. Typical Panels Welded Using Spotwelding Techniques

Brazing is more complex than spotwelding, but produces higher
strength joints. A brazing process consists of sandwiching foil
of monolithic material in between two TMC parts and applying
high temperature and pressure. Special fixtures are required to
maintain part location throughout the braze operations, espe-
cially at high temperature when bonding occurs. The braze fix-
ture used for the hat stiffened panels of the Lightly Loaded
Splice Subcomponent is shown in Figure 29. Moldline contcur

is maintained by the massive lower tool and hats are securely
held against the skin by large cross-bars and shims made from
superalloy material. Processing parameters such as maximum
temperature and soak time are selected to generate good braze
flow and inint strength. The photomicrograph, Figure 30,
showsag d, homogeneous braze joint and excellent wettabil-
ity from this process.
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Figure 29. Typical Braze Fixture Set-up

LARGE SCALE DEMONSTRATION VALIDATION

The design. analysis, fabrication and testing of demondration
hardware i an integrated process between requirements and
process development.  McDonnell Douglas along with the
NASP team has successfully fabneated and tested several large
scale TMC articles shown in Figure 31. These aricles range in
size from flat subcomponent panels to large fuselage assembhies
and demonstrate all of the pracesses discussed earher.

BUCKLING PANELS

Early in the TMC development process hat sufiened structure
was dentified as a candidate structural concept in which Iocal
buckling was the cnnical fwlure mode. One of the first nsk
reduction cfforts was to desien, fabncate and test a senes of
articles to charactenze buckling of flat panels Panel geomeiry
was selected to be representative of either a fuselage section o1
wing skin. The general geometry, shownin Frgure 32, was two
foot square with a hat depth of 1.25 inches. Thic geometry was
determined by structural optinuzabon using temperature< and
loads from the vehicle and TMC matenal properties.

GP34-0684-30

Figure 30. Good Quality Brazing Has Been
Demonstrated
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Figure 32. Buckling Panel Geometry

A monolithic, Ti-6Al1-4V panei was fabricated and tested to gain
confidence 1n analysis and testing methods. Although the test
temperature was sigmificantly less with this panel than TMC,
general thermal/structural response trends were determined.
Tesung was designed to subject the panel to uniform tempera-
tures and gradients that simulated vehicle conditions. One of
the significant challenges in the airframe design is large thermal

stresses induced by temperature differences between the hot
fuselage skin panels and the cooler fuselage nng frames.
Frames were simulated by load introduction hardware attached
at the end of the hats. Edge conditions were controlled with
frame members designed to prevent out of plane deformation.
Test results showed very good correlation 1o prediction as illus-
trated in Figure 33. Mid-panel strains are plotted as a function
of load along with nonlinear predictions made wath the ABA-
QUS finite element solver. Initial buckhng was predicted at
31,000 Ibs and the indicated test buckling load was 29,300 lbs
or within 7%. Post buckling strength was considerable with the
panel capability over 200% of the initial elastic buckling Joad.

A panel with identical geometry. shown in Figure 34, was fabn-
cated from SCS-6/ Ti 15-3-3 TMC. The skin and hats were
constructed using the foil/fiber process and yoined by spotweld-
ing. Testing was completed for temperatures up to 1200°F 1n
combination with both axial and transverse mechanical loading.
High temperature strain instrumentation was erratic at maxi-
mum temperature. Data at temperatures less than 1000°F
showed good correlation to pre-test prediction. The transverse
load capability or in-plane loads perpendicularto the hat suffen-
ers was greater than expected. Load paths in this direction are
cnitical due to the build up of thermal stress from thermal surface
gradients.
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Figure 33. Monolithic Titanium Panel Test Results

GP34-0884-34

Figure 34. TMC Buckling Panel With Instrumentation

The final buckling panel test articie was designed to address the
evolving material and design development. The Brazed Beaded
Beta Buckling (BBBB) panel, shown in Figure 35, used the Beta
or Timet™ 21s matrix system with SCS-9 fibers and hat stiffen-
ers were brazed to the skin. The key design change from the
TMC buckling pane] was longitudinal skin beads aligned above
the hat stiffeners. From the flat panel testing, significant stiff-
ness in the transverse direction was observed causing a build up

thermal stress at elevated temperature and was relieved when
the skin deformed into a wave pattern. Beads are used to elimi-
nate the transverse thermal stresses and control the
deformations. An added benefit is that the initial axial buckling
load is increased. This panel is currently under test at Dryden
Research Test Facility in Edwards, CA. Initial results from
room temperature testing match pre-test predictions within 5%.




Figure 35. Brazed Beaded Beta Buckling Panel

THERMAL LIFE CYCLE (TLC) PANEL

The Thermal Life Cycle panel is designed to simulate a typical
fuselage skin panel joint and demonstrate the durability of
TMC. The 3 ft by 3 ft panel is comprised of two hat stiffened
panels joined by a midframe splice. Panel components are
shown in Figure 36. The hat stiffened panels are approximately
1.5 inches and stiffeners are spaced about every 3.5inches. The
SCS-6/ Ti 15-3-3 TMC components are spotwelded together.
The midframe joint consists of two splice plates, one artached
to the skin side of the pancls and the other connected to the hat
side. In addition to providing load path continuity across the
joint, the splice plates serve as the frame caps. An inverted hat
is used as the shear web of the frame and is connected to the
upper and lower caps. Thisconfiguration is identical to the fuse-
lage design of the Integrated Fuselage/Cryotank article.

Bottom
Nilo Midframe
Beams Cap

Two main objectives were successfully demonstrated dunng the
test program conducted at Wright Lab in Dayton Ohio. First, in
plane shear loads were apphed to verify that the midframe joint
was adequate. The joint performed as expected and no anoma-
lies were noted. Secondly, repeated exposure 1o an ascent heat-
ing profile was investigated. Since the article was not protected
with an oxidation resistant coating, elevated temperature testing
was conducted in a helium environment. The article was cycled
over 100 times to 1300° F. The majority of the high temperature
instrumentation did not survive but the panel looked very good.
A slight surface waviness very similar to pre-test predictions
could be seen. Some cracks were also identified in the spotweld
nuggets.

LIGHTLY LOADED SPLICE SUBCOMPONENT
(LLSS)

The 2.5 foot by 5 foot Lightly Loaded Splice Subcomponent,
shown in Figure 37, is another article which represents a typical
fuselage joint between two hat stiffened panels. Critical design
features demonstrated in this article are an all TMC curved
frame, smooth moldline transition, hat and skin joggles, com-
bined SCS-6 and SCS-9 fibers, brazed hat/skin panels and
oxidation coating. The mid{rame spiice, tlustrated in Figure
38, is the most complex joint of any TMC demonstration hard-
ware. The curved frame consists of several preformed TMC
parts that are diffusion bonded together to form the 80 inch
radius frame. Moldline smoothness across the joint is critical to
avoid excessive temperatures from aeroheating. Joggles in the
skins, hats and the upper splice plates are required along with
countersunk fasteners to achieve this requirement. Shear clips
are used to provide good shear continuity from the hat stiffeners
to the frame. The Beta or Timet™ 21s matrix is used throughout
the article and is combined with either SCS-6 or SCS-9 depend-
ing on structural component requirements. Hats are brazed to
skin panels resulting in a 80 inch radius curved panel using the
process describe previously. A protective coating was applied on

Top
Midframe Midframe
Channel Cap

Splice

Ptates Panel

Corrugated

Corrugated ©P3468ads v
Panel

Figure 36. Thermal Lite Cycle Panel Components
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Figure 37. Lightly Loaded Splice Subcomponent Represents NASP Fuselage
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Figure 38. Frame Splice Provides Smooth Moldline

all surfaces to prevent oxidation at elevated temperature.
Final assembly is accomplished from oue-side access, as
shown in Figure 39, to demonstrate vehicle assembly.

Testing of the article under axial compression load and transient
thermal conditions is complete with the exception of the test to
failure. Accomplishments of this testing are summarized in

Figure 40. Over 66 tests have been completed representing
combined thermal/mechanical flight conditions. A maximum
temperature of 1500° F was achieved with no adverse effects.
The article was subjected to ultimate mechanical load at two
design conditions, 990°F and 1140°F, with no observed dam-
age. Deflections and strains were low as expected with a critical
failure mode of local buckling.

...
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Figure 39. LLSS Final Assembly Using One Sided Access

+ 66 Tasts Compieted

« Combined Mechanical/Thermal Conditions

- 5 NASP Raprasentative Design Conditons Simulated

- Advanced H:.gh Temperature Strain Gages Demonstrated
- Beta 2's Demonstrated to 1,500 F

34 7664 47

Figure 40. LLSS Accomplishments

MAJOR ASSEMBLIES

One major TMC assembly 1s currently in work and two have
completed assembly and test. They are the TMC Wing Torque
Box developed under MDC IRAD, the Full Scale Assembly
(FSA)designed and in fabrication as part of the NASP Phase 2D
effort. and the Integrated Fuselage/Cryotank Article designed
and built 1n a cooperative effort between NASP and MDC and
tested under the NASP Phase 2D program.

TMC WING TORQUE BOX

The TMC Wing Torque Box is an all TMC, built-up structure
representing the root section of a highly loaded aerosurface, as
shown in Figure 41. A Ti 15-3-3 matnx matenal 1s reinforced
with SCS-6 fibers. It is the largest, thick laminate TMC struc-
ture ever built measuning 8 feet long by 4 feet wide, with a depth
varying from 14 inches at the root to 5 inches at the tip. Intemal
stiffening is provided by provided by 4 inboard/outboard spars,
shown in Figure 42. Two 8 foot main spars located in the center




of the article run root to hp and two 5 foot edge spars close out one piece TMC skins with a thickness varying fror .22 inches
the leading and trailing edges. A 9-bay "box™ is formed by 10 .14 inches are atta * ed on the upper and lower surfaces to
intercostals between the main and edge spar members. Large for:.. the complete structure.

- TMC Structural Design
+ TMC Ful' »cale Part Fabrication

+ Elevated Tei .perature Testing

Inboard Hinge Fitting

N

Inboard Back-Up Fitting

TMC 96 in. Spar Beam \

Center Back-Up Fitting

Outboard Hinge
Fitting

TMC Upper Skin

TMC 60 in. Spar Beam

TMC 60 in. Spar Beam

TMC Intercoastal

TMC Lower Skin Ribs (12)

Actuator Fitting
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Figure 42. Wing Torque Box Components




Many of the TMC fabrication process steps previously
described were developed and refined for this article. Spars and
intercostals are I-beam configuration and are fabricated using a
two step process similar to the one used on the LLSS curved
TMC frame. Webs of the spars are formed with two Cchanneis
placed back-to-back, and additional laminates are placed on top
of the channels to create the I-beam caps. Extra titanium foil is
inserted between mating surfaces to facilitate good bonding.
The spar is diffusion bonded in the same HIP unit used to con-
solidate the TMC laminates. Spars and intercostals are cut and
b trimmied using the waterjet, diamond wheel, and EDM pro-
cesses described earlier. Over 1000 mechanical fasteners are
used to join spars, skins, and intercostals.

Figure 43 shows the test set-up at Wright Lab for combined
mechanical and elevated temperature testing. Testing was
designed to complete room temperature testing first to effi-
ciently utilize low temperature instrumentation before proceed-
ing to high temperature conditions. The article failed at 100%
design limit loads at room temperature. Shown in Figure 44 are
strains in the radius area where the failure initiated. The interac-
tion of stress concentration effects around the spindle region
resulted in excessive strains and caused the failure. Insufficient
material characterization in early design phases alsocontributed
to the failure. A smaller version of the article with different
boundary reactions is currently being developed and testing of
the mondified article is scheduled for next year.

Figure 43. Test Set-Up for TMC Wing Torque Box at Wright Lab
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Figure 44. Strains in Corner Radius of Wing Torque Box

FULL SCALE ASSEMBLY (FSA)

The Full Scale Assembly is the latest TMC article being devel-
oped by the NASP program. The article is representative of a
full scale section of the upper fuselage measuring 10 feet wide
by 12 feet long and demonstrates two different frame concepits.
A manufacturing breakdown of the article shown in Figure 45
depicts the number, shape and size of assembly components.
Hat stiffeners are joined to skins with spotwelding. Large, 8 foot
long panels, shown in Figure 46, are used to demonstrate an
integral frame concept where a build-up in the skin serves asthe
upper frame cap. The joint between the 8 foot sections and the
4 foot sections is a more typical splice. The joint is shown in
Figure 47 as well as the link fitting which provides interface to
the cryogenic tank through thermal isolation links. The link fit-
ting access holes are covered by structural TMC access plates
or covers.

One significant challenge addressed with this articie is the
scale-up of large thin laminate TMC. The 4 foot by 8 foot skins

consist of various build-ups of SCS-6 and SCS-9 / Beta or
Timet™ 21s TMC. A large portion of the skin is a 3 ply lami-
nate. Anomalies caused by separation of the fibers during pro-
cessing, referred to as “fisheyes” have been observed.
Modification of processing parameters and improvements in
layup methods have eliminated the “fisheyes™ in test laminates
and a full scale skin is in production.

As large articles like the FSA are produced, assembly tech-
niques are being refined and lessons leamed for the use on the
vehicle. Figure 48 shows the assembly tool used for the FSA.
This tool is modular and not only serves at the final assembly
platform but is also used as a spotweld jig for individual panels.
Drilling techniques used on the LLSS and TMC Wing Torque
Box will be used on the FSA.

The FSA will be tested under combined mechanical/thermal
conditions representative of flight environments. Test planning
and fixture development work is ongoing at Wright Lab in
Dayton, Ohio.
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Figure 45. Full Scale Assembly Manufacturing Breakdown
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Figure 48. Spotwelided Full Scale Assembly Panels
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Figure 48. FSA Assembly Tool and Spotwelding Jig




cryogenic tank which are integrated as shown in Figure 49. The

fuselage component shown in Figure 50 measures approxi-
mately 8 feet long by 8 feet wide and 4 feet high and is built-up

from eight curved TMC skins and four flat skins. More than one
in Figure 51. The Ti 15-3-3/SCS-6 TMC material system was

used for this article.

hundred TMC hat stiffeners were fabricated and attached to the
skins with spotwelds. An internal view of the fuselage is shown

The principle demonstration article developed for the NASP
program is the Integrated Fuselage/Cryotank article designed

and fabricated by McDonnell Douglas and tested under the
frame section including a TMC fuselage and carbon/epoxy

INTEGRATED FUSELAGE/CRYOTANK ARTICLE
NASP Phase 2D program. The article is representative of an air-

(IFTA)

Figure 49. Fuselage and Cryotank Are Integrated
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Figure 50. Fuselage Material Distribution
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Figure 51. internal And External Views of IFTA Fuselage

The midframe region of the article was identical to the Thermal
Life Cycic punei and iepic senled a ty paai paiel to panel splice
as shown in Figure 52. Fasteners holes were prepared by punch-
ing and reanung along with drilling. The majoruty of the TMC
was thin (less than 8 plys) and did not present major assembiy
problems. Finai assembly of the panels requured large assembly
ngsto hold accurate tolerances. Especially since the panels had
tobe mate dnlled, removed for painting, and re-assembled. An
addinonal complexity was the insertion of the cryogenic tank
into the fuselage. This procedure was accomplished by mount-
ing the assembly ng on rails which allowed one end of the

fuselage to be moved. The tank is shown 1cady for inseruon 1n
Figure S3.

The amicle was tested under combined thermal / mechamcal /
cryogenic conditions that represented cntical design environ-
ments. The TMC tuselage shell was heated to 1300° F while the
cryogenic tank contained over 900 gallons of liquid hydrogen
at -420°F. The result was the most realistic test for a NASP sys-
tem yet. Testing of this complexity required the integration of
many operational system as shown in Figure 54. These systems
were designed and implemented at the McDonnell Douglas
Cryogenic Test Facility located at Wyle Labs in Norco CA.
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Figure 53. Cryotank Ready for Insertion into TMC Fuselage
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Figure 54. Systems Required for Integrated Testing

Testing verified that the TMC hot structure fuselage shell con-
cept could meet NASP requirements as a complete system. The
stiffened structure performed well under both thermal and
mechanical load conditions. Mechanical response correlated
with pre-test predictions and analysis tools, shown in Figure 55,
while elevated temperature conditions followed expected
trends, but could not be quantitatively correlated due to poor

instrumentation performance. Spotweld attachments showed
no indication of failure from visual inspection, but more
detailed NDE is planned.

A summary of the testing accomplishment is presented in
Figure 56.
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Figure 55. Analysis Correiation to IFTA Test Results
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Figure 56. IFTA Testing Accomplishments
CONCLUSIONS

Titanium Matnix Matenal systems are candidates for large
structures to achieve high payoff results. The benefits of TMC
are high temperature capability at very low weight with good
reliability. Development has progressed from small coupon
samples for matenals research to simple structural forms such
as hat stiffeners wath final applications large enough 1o be used
as subassemblies for hypersonic vehicles. Design and analysis
methods have produced feasible designs. Manufactunng

research has developed techniques and processes to success-
fully fabricate and assemble complex structures. Testing has
validated design performance and in certain circumstances
identified areas where even highter weight concepts are pos-
sible. The overriding issue facing TMC matenal systems
illustrated in Figure 57, is not performance, but cost. New
procedures that will significantly lower TMC cost are needed
to make the system viable for more apphications.

Summary of Titanium Matrix Development

B Advantages of TMC Are Low Weight and
High Temperatures

* Foil/Fiber Processing Is Widely Used
for Large Structures

* TMC Manufacturing Techniques Exist
and Are in Use

* Large Hardware Demonstrates
| Material Scale-Up

* Mechanical/Thermal Testing Validates
Structura! Capabilities

GP34-0684-58.V

Figure 57. TMC Development Conclusions
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L0 Introduction

The low weight structurally efficient
"SCS-6™ Fiber Reinforced
Titanium," as produced by Textron
Specialty Materials, is a material
awaiting the development of
production applications. A multitude
of airframe and engine parts have
been produced for test and
developmental purposes and a
production  facility has been
established to fabricate preforms,
intermediary products and component
shapes.

® & 0 0 & 8 80 0 000 0 0000

2.0  The SCS-6™ Reinforcing Fiber

As discussed herein the continuous
fiber reinforced titanium utilizes a
140 micron diameter silicon carbide
monofilament. This fiber, designated
as SCS-6™ and specifically
constructed for reinforcement of
titanium, 1is produced by the
conventional chemical vapor
deposition (CVD) using an especially
fabricated 33 micron diameter carbon
substrate filament that acts as a
nucleation site for the growth of the
silicon carbide material in the CVD
reactor. Through speed, deposition
rate and other factors control the
resultant filament diameter. Figure /
illustrates the cross section of the 140
micron diameter SCS-6 fiber,
showing the carbon monofilament
substrate, the various graduated
layers of silicon carbide, and the well
known double layer surface coating.
This surface coating has two
purposes, (a) to essentially heal the
irregular surface of the crystalline

Carbon
Monofilament

b

Dauble Layer
Surface Coating

Figure 1
Cross Section of a 140 Micron
Diameter SCS-6 Filament

beta silicon carbide and hence
increase its strength, and (b) to act as
a sacrificial layer to aleviate stress
concentration effects resulting from
the fiber to matrix chemical reactions
that occur during high temperature
consolidation. The strength of the
fiber is controlled to a minimum
average of 500 ksi, while
demonstrating a typical individual
average strength of (600 ksi) and a
coefficient of variation of (13.9%).
A histogram for a particular filament
production period is illustrated in
Figure 2. For those who prefer the
Wiebull analysis, this data converts
to a Wiebull modulus of 9 at a 99%
confidence level.

Presented at an AGARD Meeting on ‘Characterisation of Fibre Reinforced Titanium Matrix Composites, September 1993.
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A particular attribute of the titanium
composite material is its ability to
retain its high strength at elevated
temperature. An important factor
here is the high temperature
capability of the SCS-6 fiber, where
as shown in Figure 3, high strength
is retained to above 1000°C-- above
the requirement for the conventional
titanium alloys as well as for the
developing family of titanium
aluminides.

As indicated also in Figure 3, the
silicon carbide vapor deposited
monofilament is capable of further
development. In the case illustrated
a higher temperature capability has
been obtained which together with
improvements in creep strength will
prove attractive for ceramic
composite materials. Also other
filament diameters are being

produced experimentally. Figure 4
shows various experimental filaments
that are being produced in diameters
ranging from 50 microns to 180
microns. In some cases reducing the
diameter of the carbon monofilament
to 20 microns.

Currently the Textron silicon carbide
fiber production plant is capable of
producing more than the minimum
quantities of fiber needed to satisfy
present day research and
development requirements.  The
capability of the plant in its present
configuration is over 1000 lbs of
SCS-6 per year. This can be
increased to to over 10,000 Ibs/year
by relative minor additions to the gas
recovery systems and the addition of
the necessary modular reactors.

Y W 1
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3.0  Titanium Composite Fabrication

As a result of many years of
development effort, SCS-6 Titanium
composite fabrication techniques are
well established. In general the
techniques are directed at the solid
state high temperature/high pressure
consolidation process. Here the fiber
is immersed in, or layered within,
titanium metal and by the process of
pressure and heat the titanium is
bonded to the fibers to form a quasi
homogeneous material. Three
methods of applying heat and
pressure are used for fabrication of
SCS-6 Titanium shapes. These are
illustrated in Figure 5. The most
common consolidation technique
used to-date is Hot Isostatic Pressing.
In this case, using a shaped tool, a
pressure membrane and a vacuum
environment, the fiber and titanium
metal are subjected to the hot
isostatic gas pressure which acts on
the thin membrane to consolidate the
composite to shape. Alternatively;
two direct mechanical pressing
techniques are available, using either

Figure 4
Experi mental Silicon Carbide Fibers

50 Micron Diameter

75 Micron Diameter

112 Micron Diameter

180 Micron Diameter
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a vacuum sealed chamber with
radiant heaters or a resistively heated
platen press where the composite is
sealed in a vacuum membrane
enclosure.

As stated previously the HIP process
is as of to-date the most universally
used composite fabrication technique.
This is primarily due to ease of
molding large complicated shapes as
well as the potential for low cost
where one HIP run can accomodate

a large number of parts. However,
the direct mechanical pressing
technique offers in some cases a
lower cost approach for smaller
simpler shapes that require less total
pressing tonnage.--  Specifically
engine disks and blades.

For each of the fabrication techniques
described above, a method of
collecting the metal and the fiber
to ther in a preform is used so as to
t. ite installation of material into

R S
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the mold or press. Various type of "fabric with titanium foil" or
preforms are available as (liown in "filaments layed into spirally grooved
Figure 5. In each case they: represent titanium foil") for fabrication of thick
varying stages of preform walled rings.
development, or are developed for
reduction of fiber movement during Whereas the originally produced SiC
consolidation, or directed at the Titanium composite shapes utilized
fabricaticn of specific shapes. The only the standard 6.4 titanium alloy,
most commonly used preforms to- much progress has been made with a
date are the foil-fabric and the number of other systems. Table |
plasma sprayed wape. Each of these summarizes the experience to-date
are capable of producing large area with various alloys, their associated
sheet preforms and have been used preforms and compositing experience.
extensively for production of many
shapes. Plasma spray techniques have teeccccccccsenns
also been wused to TMC Materials & Processes Status
directly deposit the Table 1
metal onto the fibers Established | Development | Experimental Com' cats
for insitu construction | scs<Wovea Preform

. . Fabric Crossweave Materials
of irregular or thick - Ties X
walled shapes. T X
Recently a competing |~ #215 X ©Fabneanon Frpenments
cast tape prepregg has | ©*™ oryved Preform X
been devloped using Trerda x
titanium powder - Adv Alpha-2 & Beta Alloys X

- Onhorbombne X

embedded in a resin
Cast Tape Preforms

binder to produce a - Alloy C X
. - 6
Very . ?hable Sheet Fabric/Foit Compositing X
material similar to an - SCSeM64 X
. - SCS-6Ti-15-3 X

organic prepreg. - $CS-6Beta-215 X

- SCS-6Ti-6-2-4-2 X

- SCS-6M-14-21 X + Inconsistent Results

- SCS-6/Adv Alpha-2 & Beta
The sheathed or Aoy Ao X
coated fiber approach
(sometimes called the | Fas=s Seray Compositing X .+ Panels Fabncated 9
fat fiber approach), - SCS-6/Ti6-24-2 b + Panels & Shapes Fabncated

. - SCS-6/Ti-14-21 X < Panels & Shhapes Fabnicated
where the metal is - SCS-6/Adv Alpha-2 & Beta
. Alloys X « + Good hutial Results

deposited onto the . SCS.&/Onho:mombic X - Poor Results
ﬁber by the Sputtering Cast Tape Compositing
or elcctron bcam - SCS-6/Ti Alloy C X » Good lmual Results l -
evaporation methods, is in the early
stages of development.  This is 4.0  Fabricated Shapes
proving very useful for single
filament winding techniques that can During the last two years or so. over
be used for the fabrication of rings or 4,000 Ibs of SCS-6 Titanium *
for the production of complex composi.* shapes have been
surfaces. Finally the hclically wound fabricated for development and test
preform is available in a number of purposes. They, as hown in Tuble
variations (using specially wound 2, cange from large flat and curved

'\ ]




SCS-6/Titanlum Fabricated Shapes
Table 2

5.0

Shape

Comments

I-Beams

Up to 13 feet long, 10 inches deep
Tapered flanges & height
Tapered thicknesses

0°445" caps and webs

Cylinders

-

8 feet long, 4 inches dia. compression
tubes

1 inches dia., 12 inches long

engine links and power shafis

4 feet long, 4 inches dia. turbine power
shafts

Disks

Helical wound disks for reinforcement
of turbine compressor disks
10 inches dia., 0.20 thick

Flat
Plates

* 11 feet x 8 feet x 0.2 inches thick
« Many fibe: architectures
« Tapered thicknesses

Panel
Stiffeners

NV O/ASIES

» 0°230°

8 feet long
o
0°+45°

Curved
Plates

« 4 feet x 8 feet x 0.05 inches thick

< Tapered thicknesses

Many fiber architectures

plates to complicated shapes such as
turbine disks, hat shaped stiffeners
and long tapered height/tapered
thickness wing spar beams.

TMC Production Facility

A 50,000 square foot facility has
been recently established at Textron
by the National Aerospace Plane
program office for production of
SCS-6 titanium shapes. In this
dedicated facility are all, except a
HIP, of the facilities and equipment
necessary for production of titanium
composite shapes. Included are:

. Fabric weaving looms

*  Laser jet foil and fabric
preform cutter

. Clean rooms for composite
preform assembly

. Tool preparation rooms

. Computer controlled tool
welding equipment

. Five axis water jet cutter for

tool breakdown

. Offgassing equipment

. Three dimensional co-
ordinate equipment

. Acid Cleaning facility

. XRay & Ultrasonic NDT
equipment

. CAD support equipment

. Vacuum Hot Press

A




PROCESSING OF TITANIUM MATRIX COMPOSITES

E A Feest & J Cook
AEA Technology
B528.10 Harwell Laboratory
Didcot, Oxon OX11 0RA, UK

SUMMARY

European experience in the processing of
monofilament reinforced Ti matrix composites is
briefly reviewed. Results on fibre coating
developments on foil-and PVD-based processing
routes are presented. Issues addressed include fibre
handling, fibre property measurement, residual
stresses in fibre and matrix, fibre coating
formulation and deposition, MMC consolidation and
composite  properties. Progress  towards
economically viable matrix deposition via sputter
ion plating is reported.

1. INTRODUCTION

This contribution aims to bring together elements of
recent European experience in the processing of
monofilament reinforced titanium-based matrix
components. Emphasis is given to projects and
initiatives in which the authors have had a direct
involvement and to results which have not been
previously published. It thus makes no claim to be
a comprehensive review of current processing
options, for which the reader is referred elsewhere
(eg. Ref 1).

2. EUROPEAN INITIATIVES IN THE 1980's

The initial stimulus for development was, as
elsewhere, centred on potential aerospace
applications such as aero gas turbine compressor
components or hypervelocity plane structural
components. These are characteristically high
technical risk, high pay-off applications and thus it
was not surprising that most significant
development was centred on projects involving
national aerospace research establishments in
countries where there were existing industrial
engine manufacturing interests or planned acrospace
plane initiatives.

Silicon carbide monofilament was considered to be
a key enabling material which would form the basis
for the fibre optimisation and MMC process
development activities which would be required as
precursors to any materials evaluation programmes.
In the early 1980's US-sourced monofilament was
not treely available for such activities. However, a

monofilament source was being developed in
Germany through the initiative of Dr P E Gruber,
first at the Forschungsinstitut Berghof and then,
with Berghof's demise, at his own company Sigma
Composite Materials. At this time the Sigma
product had good strength and stiffness properties,
but was not appropriate for incorporation or use in
titanium-based matrices.  Other technologies
required for a successful MMC development were
also being pursued. These included MMC
consolidation studies, eg. at DLR (eg. Ref 2),
interfacial reactions, eg. at the Univ. of Bordeaux
(eg. Ref 3) and fibre coating developments eg. at
ONERA. Potential end users were also testing US-
sourced MMC material with a view to addressing
design issues. In general, however, these studies
were being carried out in isolation rather than as an
integrated project aimed at industrial exploitation.

In 1985 the CEC's BRITE programme provided a
framework for accelerating the development of a
European source of titanium-based matrix MMC.
A consortium comprising laboratories capable of
mobilising all the necessary technologies together
with a group of sponsoring companies with ultimate
interest in supply or use was assembled to bid for
a project on "The control of fibre matrix
interactions in SiC/Ti MMC". The make-up of this
consortium, the way it was assembled and logic
behind its formulation have been presented
elsewhere (Ref 4). The main working laboratories
in the original consortium were:

Harwell Laboratory, project prime, (now AEA
Technology)

ONERA

DFVLR (now DLR)

Sigma Composite Materials

Funding was 45% from the CEC and 55% from 14
subscribers from 4 countries, and including potential
makers, users and competitors.

The main results of the arising project, P1204, are
summarised in the following section. Further
details are given in Ref 5.

Presented ut an AGARD Meeting on '‘Characterisation of Fibre Reinforced Titanium Matrix Composites, September 1993,
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3. BRITE PROJECT P1204

3.1 Mission

The project was aimed at developing and evaluating
on the laboratory scale an improved version of the
Sigma fibre for use in titanium-based matrices.
Clearly this involved a number of inter-related
milestones related to identifying degradation
mechanisms, postulating and evaluating means of
overcoming degradation and developing coating and
consolidation processes. It also aimed to produce
and evaluate larger scale composites. The latter
objective was dropped at the mid-point review in
order to concentrate all available resources on the
fibre development task.

3.2 Preliminary scoping
Key findings were:

- confirmation of the need for an interfacial
barrier

- clarification of the significance of the
W/SiC interaction within the fibre

- measurement of high levels of residual
elastic strain within the fibre and matrix
constituents

- the importance of handling damage and
test method standardisation in fibre testing.

Experimental contributions to
included those described below.

these findings

Concerning the need for an interfacial barrier,
Auger scans showed that the Avco SCS-6 coating
prevented Ti reaching the underlying SiC at 900°C
whereas reaction zones were evident between
uncoated Sigma fibre and Ti alloy matrix at 850°C.
Fibre testing and MMC fractography indicated the
importance of a weak interface within the 'coating’
regions of the fibre to decouple the load bearing
component of the fibre from failure in the coating
during handling and service. The formation of a
self-diffusion barrier layer of fine grained TiC at
the interface between Ti matrix alloy and an outer
coating of pyrocarbon appeared to be an important
contribution to fibre survival. The beneficial effect
of a pyrocarbon coating alone was confirmed in the
experiments summarised in section 3.4 below.
Some indications onmatrix composition dependence
were given by the observations of preferential
attack of carbon rich coatings when in contact with
the [3, as opposed to «x, phase of an adjacent Ti-6Al-
4V matrix

It was necessary to investigate the kinetics of the
W/SiC reaction to indicate its potential influence on
service performance and also, more pressingly, to
ensure that it did not distort the significance of the

experimental results on coating assessment and
selection. Vacuum heat treatment experiments on
uncoated Sigma fibres showed that whereas thermal
exposure at 600°C had no significant degrading
effect on tensile strength, appreciable drops in mean
tensile strengths were observed after similar
exposures at 900°C. This degradation was initially
attributed to a possible reaction between the W core
and the SiC CVD deposit. Since the temperatures
were within the regions envisaged for both
composite consolidation and CVD retro-coating
within the project, further investigations were
undertaken to determine the extent of reaction
between the W core and SiC deposit. In one study
amorphous SiC was sputter ion plated on the
tungsten heater of a high temperature x-ray chamber
and the evolution of x-ray patterns was monitored
as a function of thermal exposure. Some reaction
product started to form at 810°C after 10 minutes
holding time and Fig | shows the temperature and
time dependence of the reaction kinetics measured
in this way. These experiments were backed up by
tensile tests on uncoated Sigma fibres which had
been vacuum heat treated for 1 hour at 1000°C.
Optical fractography of the break ends of the
fractured fibres showed however that all the fracture
initiation sites were identified with surface defects
and none with the W core/SiC deposit interface.
Thus, whilst some W/SiC is initiated at as low as
810°C, the reaction becomes rapid only at
temperatures greater than ~1000°C and therefore was
not of concern for the retro-coating temperatures
envisaged in the project.

Because of the integrated nature of the work in the
different laboratories involved in this project a
rigorous intercomparison exercise was carried out
on the test methods used by three of the
laboratories. Initial experiments showed the need to
avoid the use of jigs with stiff compliance and
hence sensitivity to misalignment. Key results are
summarised in Table 1. Similar results were
obtained on other fibre variants. A gauge length
sensitivity was evident as expected. Sampling size
effects were also measured by two techniques both
of which indicated that 20 was an adequate sample
size from which to determine valid strength values.
This intercomparison exercise highlighted the
sensitivity of the uncoated Sigma fibre to handling
damage. Experiments simulating the handling
sequence encountered before the effect had been
isolated showed that a ~40% decrease in fibre
strength could result from such handling.

Given the large thermal expansion mismatch
between fibre and matrix and the high MMC
consolidation temperatures, large residual stresses in
fibre and matrix are to be expected. These were




measured using neutron diffraction experiments on
composite, monolithic matrix alloy and
unincorporated fibre. Experimental points for shift
of a matrix alloy peak are shown in Fig 2. The
study showed, as expected, residual compressive
strain (and therefore stress) in the fibres ard ic.sile
stress in the matrix. The latter was at a significant
level compared with the yield strength of Ti-6Al-
4V.  These results have a bearing on the
interpretation of mechanical test data and on the
prediction of service performance particularly under
the anticipated thermal cycling regimes.

3.3 Prediction of protective coating systems

A thermodynamic assessment based on published
thermodynamic data was carried out to predict the
phases that can co-exist at temperatures relevant to
MMC fabrication and use, taking account of the
influence of relevant matrix alloying elements. The
results were summarised in the form of
predominance area diagrams, such as that shown in
Fig 3, from which predicted reaction zone
sequences were derived as illustrated by Fig 4
which represents the situation for both carbon-rich
and stoichiometric SiC fibre surface formulations .
These diagrams were used as the starting point for
a detailed thermodynamic study for recommending
promising coating interlayers for protecting the
Sigma fibre in a Ti-6Al-4V matrix. Key
requirements were that components should have a
high chemical stability and that at least one of the
elements in the compound should have a very low
solubility in Ti. Two coating interlayer systems
were recommended: a titanium carbide based
system and a titanium boride based system, see (Fig
5). Both use a carbon layer immediately on the
surface of the fibre prior to the layer of carbide or
boride. The coating systems were designed to
provide a structure in which each layer of the
coating was in equilibrium at its interfaces with the
adjoining layers - a coating structure with a
minimised tendency to react. Chemical potential
gradients will however still cause the elements to
diffuse as indicated in Fig 5. In the case of the
boride-based system the carbon layer was not
needed for thermodynamic reasons; it was included
to provide an interface that would protect the fibre
surface from reactive chemical species (titanium)
during coating and provide a weak interface to
allow the fibre, when necessary, to detach itself
from the coating. In the titanium carbide based
system the carbon layer was also needed to take
part in the reaction dynamics. Of the two systems
the boride one had the greater promise because of
a lower solubility in titanium of boron compared
with carbon, and a lower rate of diffusion of boron
in titanium and TiB, compared with carbon in
titanium and TiC. Coatings development within the

programme was therefore ain.cd at trying to
accomplish the recommendations laid out in this
thermodynamic study.

3.4 The efficacy of carbon coatings

During - coating development 2imed at the
recommended duplex coating systems, single layer
carbon coatings were investigated. At this stage
four coating processes were under investigation, viz:
low pressure CVD (retro), high pressure CVD (on
line and retro) and PVD (retro). The low pressure
CVD carbon produced a 7% drop in fibre strength
on coating; the fibre experiencing an elevated
temperature at the start of the deposition process.
The lower temperature PVD and high pressure
CVD processes both demonstrated the beneficial
effects of carbon coating on the intrinsic properties
(mean failure strength) of the fibres and also on the
resistance to degradation on heat treatment. Carbon
coating alone also improved resistance to
degradation by titanium. For example the high
pressure CVD carbon produced a 17% increase in
fibre strength on coating with a 1.25um thick layer
and a 70% rule of mixtures composite strength (cf.
40% for similar composite using uncoated fibre).
Key results of thermal exposure tests are
summarised in Table 2. These experiments showed
that even a sub-micron adherent carbon layer
substantially enhanced the intrinsic quality of the
Sigma fibre and also improved its resistance to
thermal exposure in N, and Ti vapour.
Handleability, as demonstrated by resistance to self-
abrasion, was greatly improved even with an
extremely thin (50nm) coating of carbon. Some
degree of protection against reaction with a
titanium-based matrix could be achieved by
allowing a natural TiC reaction zone to form around
the carbon coated fibre.

3.5 The efficacy of duplex coatings

Whilst the developments of carbide and boride
coatings by CVD techniques were set in train, the
responsibility for demonstration of the effectiveness
of the duplex layer concept fell to the PVD process
because of its relative versatility and comparatively
low development time. Preliminary experiments
had examined the comparative suitability of reactive
sputtering (carbon introduced via introduction of an
argon methane gas mixture) and dual dc sputtering
(carbon introduced by sputtering from solid graphite
cathode plates). The latter was used for the duplex
carbide system experiments because it was
compatible with the initial carbon deposition stage
and because of its comparatively simple rig
configuration. It had the additional advantage of
being compatible with a system for depositing the
matrix alloy around the coated fibre. A sputter ion
plating (SIP) coating rig was therefore modified to




comprise two interconnected coating chambers, one
for the C/TiC coating sequence and the second for
overcoating with Ti-6A1-4V matrix alloy.

Composite wires produced in this manner achieved
90% of rule of mixtures mean strength after heat
treatmentunder conditions simulating representative
consolidation heat treatment schedules. In general
heat treatment times in excess of 1 hour however
caused embrittlement of the matrix and reduced
strength of the composite wire. Fibres coated with
the C/TiC sequence were also consolidated into
composite monotape tensile samples and these
achieved tensile properties at least as good as those
of monotapes processed using a similar volume
fraction of Avco SCS-6 fibre.

The boride-based protective coating system was
demonstrated using a high pressure CVD technique.
The depositions of a boron-rich TiB, layer onto a
carbon-coated continuous fibre produced a mean
fibre strength of 3.73 GPa. When consolidated to
form a 0.35 voiwug fiaction Ti-6A1-4V composite
plate the strength was 76% of the rule of mixtures
value.

3.6 MMC consolidation

In parallel with the fibre coating developments,
various MMC consolidation routes were explored
on the laboratory scale in order to demonstrate the
success of the fibre developments whilst bearing in
mind the requirement for larger scale production.
Effort was soon concentrated on just two processes

- planar hot pressing of matrix foil/fibre lay-
ups

- hot isostatic pressing (HIP) of precursor
composite wires.

The foil/fibre process imposed strict demands on
foil thickness uniformity and, in order to achieve a
fibre volume fraction approaching 0.4, profiled foils
were used. Four profiling techniques were
evaluated. Electrical discharge machining was
found to be most suitable for laboratory scale
processing although inappropriate for industrial
scale-up. Composites with excellent fibre
distribution and strength approaching 80% of rule
of mixtures values were achieved in this way.

The HIP route experiments demonstrated that the
process was capable of producing good fibre
distributions and high (0.4) volume fractions which,
with appropriate control of matrix interstitial
contamination levels, can achieve rule of mixtures
strength values.

4. SUBSEQUENT PROCESS AND PRODUCT
DEVELOPMENT

Clearty the most direct industrial development of
the concepts demonstrated in the above BRITE
project occurred through the establishment of the
Sigma operation within BP Metal Composites - BP
having bought out Sigma's SiC fibre technology
midway through the project. BP Metal Composites
has productionised some of the coating concepts
and developed a scaled up foil based MMC
processing route using advanced fibre placement
technology and HIP consolidation. This product
development is dealt with elsewhere in this
Workshop (Ref 6 on processing and properties and
Ref 7 on product uniformity and test technique
development).

The authors are aware of two other current process
development thrusts involving major industrial
participation. One is centred on the scale up by
DRA of their EBED (electron beam evaporation
and vapour deposition) route for producing matrix-
coated fibres (Ref 1). The other is centred on the
further development of AEA's SIP (sputter ion
plating) route for both protective coating
development and matrix coating of fibres. Both of
these initiatives involve developments aimed at
titanium aluminide matrix composites.

Of the other candidate processes for industrial
commitment, spray processing (notably low pressure
plasma spraying) has received the most
developmental attention. This is because of the
conceptual simplicity of the process and the existing
investment in spray processing facilities required for
mainstream barrier coating development work.
Current limitations relate to the practicalities of
achieving the required homogeneity and
composition of matrix formulation together with the
required accurate placement of fibre.

A possible difference between the European and US
routes to industrial investment in this field of
materials development is that the European
experience to date has been characterised by bottom
up involvement into general collaboration initiatives
(eg. BRITE and EUCLID on the European scale or
LINK on the national scale) whereas major mission
initiatives (eg. NASP and IHPTET) have provided
a strong industrial focus in the US. This has made
European progress particularly dependent on the
entrepreneurial initiatives of the likes of Sigma
Composite Materials and BP Metal Composites.

L. A




5. PROCESS DEVELOPMENTS BASED ON
SPUTTER ION PLATING

The SIP work which was the comerstone of the
coatings systems demonstration work reported in
section 3 above was introduced into the work
programme as an experimental expedient to provide
proof of concept results on a timescale far shorter
than would have been possible using compound
specific CVD routes. This was because there was
available equipment and expertise at AEA as a
result of continuing investment in the technology
since its invention in the 1970's (Ref 8).

The SIP input into the BRITE project (Ref 9)
demonstrated the following potential for the process
in the content of the development of titanium-based
matrix composites:

- it is a versatile R&D tool for rapidly
screening potential coatings systems
(during the project it provided the first
demonstrations of the enhanced thermal
stability imparted by carbon coating and
the viability of the C/TiC duplex coating
system as a barrier to attack by titanium-
based matrices, and was also a key step in
elucidating the significance of the W/SiC
interaction);

- it is a2 means of depositing matrix alloys
on the fibre wire in a manner consistent
with the impurity constraints imposed by
titanium-based matrices and with the
potential for compatibility with a process
for retro-coating the protective coating
sequence on the fibre.

Limitations of the process, as employed in the
BRITE project, included the constraint that
continuous fibre could not be coated in the rig
configuration used and deposition rates were
unacceptably low for industrial application.

In the light of the above experience AEA has
continued to invest in the development of this
technology both through internal investment and
collaborative initiatives. The main directions of this
investment have been:

- increasing the deposition rate on fibres

- achievement of continuous fibre coating

- application to the development of
intermetallic matrix composites.

Concemning deposition rates, those deployed in
batch processing for the activities described in
section 3 above were ~4um/hr.  Subsequent
reconfiguration from cathode planar plate co-

sputtering to hollow cathode achieved an increase in
deposition rate to ~90um/hr. Fig 6 shows a fibre
coated at this deposition rate.

Current industrial collaborative work within the
LINK Programme framework in the UK is focussed
on coating a continuous fibre at still higher
deposition rates via increased power levels and
changed cathode configuration. The project aims to
develop a high performance TiAl based precursor
composite and to provide experience for supply and
exploitation.

A processing route involving SIP matrix deposition,
wire preform winding and HIPing is particularly
suitable in this case because:

- the processing route has greater flexibility
in design options and fabrication than do
processing routes limited to plate product;

- it is particularly suited to matrix
formulations, such as Ti-based
intermetallics where interstitial impurity
level control is paramount and the range of
acceptable processing and consolidation
routes is limited.

CONCLUSIONS

Recent developments in the field of titanium based
MMC have demonstrated the value of international,
interlaboratory  collaboration in  accelerating
progress. The technical value of techniques such as
thermodynamic prediction for coating selection and
PVD for coating prototyping were highlighted in
the quest for a viable MMC system. Sputter ion
plating plus hot isostatic pressing is a primary
processing route for composite systems such as
monofilament-reinforced titanium aluminides where
non-planar shapes may be required and matrix
impurity control is critical to performance.
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Testing Laboratory 1 2 3
Test Gauge Length 25mm | 40mm | 25mm | 40mm | 40mm* 25mm | 25mm**
'St ' Sigm 1
Mean tensile strength (GPa) 3.57 3.53 3.58 346 229 3.11 2.79
Standard deviation (GPa) 0.41 0.29 0.33 0.30 0.30 0.51 0.58
Coeff. of vaniation (%) 11.6 8.2 9.22 8.67 13.10 16.40 20.79
US source fibre
Mean tensile strength (GPa) 343 341 3.67 340 2.13 3.60 375
Standard deviation (GPa) 042 0.38 0.48 0.59 042 0.36 0.38
Coeff. of variation (%) 12.2 1.1 13.08 17.35 19.72 10.01 10.13

** [nitial tests using stiff compliance jig.
* Fibre lengths cut up in laboratory 1, mailed to laboratory 2, repacked and mailed for testing in laboratory
3 to illustrate propensity to handling damage.

Table 1. Comparative tensile test results on SiC fibres
Fibre Coating Temp (°C) Tiine (hr) Conditions UTS (GPa)

None 900 1 Control 4.07
900 1 Ti 1.53
1000 1 Control 3.60
1000 I Ti 087
1000 12 N, 320

Carbon 900 I Control 370
900 1 Ti 3.89
1000 | Control 3.74
1000 1 Ti 3.63
1000 12 N, 3

C/TiB, 900 1 Control 325
900 1 Ti 321
1000 1 Control 3.18
1000 1 Ti 3.06
1000 12 N, 217+

* A surface reaction of TiB, was observed (TiB,/N, is thermodynamically unstable at 1000°)
Table 2 Comparison of mean tensile strengths for Sigma fibre in the uncoated, carbon-and carbon plus
titanium- coated condition following thermal exposure in various atmeospheres.
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Fig 1. Intensities of the reaction products W,C and W,Si, formed between W and SiC as a function of annealing
time at 930°C and 950°C (Ref. 5)
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Fig 5. Proposed structures of least reactive coatings to protect SiC in a Ti matrix. (a) carbide-based system, (b)
boride-based system. Arrows indicate directions of elemental diffusion (Ref. 5)

Fig 6. Scanning electron micrograph of MMC wire precursor prepared by high rate sputter ion plating of
titanium alloy matrix on SiC monofilament.
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COMPOSITES BASED ON TITANIUM WITH EXTERNAL AND INTERNAL REINFORCEMENT
by

A.L Khorev
Chief of Scientific Laboratory
Russian Institute of Aviation Materials (VIAM)
17 Radio Street
107005 Moscow
Russia

The possibility of the efficient increase of the specific elasticity modulus and the
specific strength of materials as well as aerospace vehicles by means of developing
composites based on titanium with external and internal reinforcement was considered.

High-strength titanium matrices in the form of foil for composites with internal
reinforcement; cylindrical shells and ball vessels of titanium alloys for structures
with external reinforcement were developed (Fig. 1).

High-strength titanium alloys with a+f -(VTé, VT14, VT16, VT23) and B -structure (VT15,
VT19) were developed as well as the thermomechanical parameters for the prcduction of
foi1l with a thickness of 0,08 mm, ensuring the possibility of obtaining, for example,
on VT23 alloy, orG; = 1000 MPa in the as-annealed condition and G = 1200 MPa in the
heat-treated condition.

The technological parameters of heat and thermomechanical treatments of cylindrical and
spherical vessels of titanium alloys with a+B - and B-structure, ensuring a structural
strength of G, = 1000 - 1500 MPa, were established.

Cylindrical and welded vessels of VT 14 alloy were manufactured in accordance with
different technologies. Fig. 2 shows the dependence of the structural strength &..).
calculated by the destructive internal pressure, on the ultimate strength of the
material (G,). Each curve reflects this dependence for the vessels, made by one
technology and heat treated under different conditions. Fig. 3 - shows the fractured
vessels of VT 14 alloy. The welded vessels of higher-strength VT 23 alloy were
fractured at Gj,;, higher by 150 - 200 MPa, compared to those of VT 14 alloy in the
annealed and heat - treated conditions. The maximum strength (G, = 1450 MPa) was
obtained on welded vessels of VT 23 alloy with the thickening in the weld zone

(Fig. 4).

The cylindrical non-welded vessels made of VT 15 f-alloy with the use of heat and
thermomechanical treatments (Fig. 5).

According to the efficiency of mechanical properties and structural strength increase
for the vessels, made of P-alloys, the methods of thermomechanical treatment can be

placed as follows : heat treatment, high temperature, low temperature mechanical
rreatment, high - temperature + low - temperature mechanical treatment.
The schemes of making ball vessels of VT 23 alloy are shown in Fig. 6. Plastica were

used for external reinforcement (Table 1).

The results of hydraulic cests for internal pressure of the vessels of VT 2% alloy,
braided with plastic are shown in Table 2.

The composites with internal reinforcement, consisting of titanium alloys foil
(TMakle 3} and high-strength and high modulus fiber (Table 4).

The parameters of compositions bonding are coptimized (Fig. 7) ensuring the effective
increase of the material strength and elasticity modulus.

Presented at an AGARD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix Composites’ September 1993,
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Table 1

Properties of Materials for External Reinforcement

Material a E, G 3. S, c3/d
kg/cm’ MPa MPa % km
1. BMl glass fiber 1900 60000 1800 3 9%
reinforced plastic
2. BHP glass fiber 1500 62000 2000 3,5 105
reinforced plastic
3. VNIVLON plastic 1150 70000 1300 3 113
4. Carbon fiber
reinforced plastic 1125 220000 800 0,7 64
5. Boron fiber
reinforced plastic 2000 230000 1200 0,5% &0
Table 2

Vessels of VT 23 Alloy with External Reinforcement

Heat Treatment Type of G s of G s of G eg
Condition Plastic the shell, equivalent to d mater
MPa titanium, MPa km
Annealing BMI 1100 1800-1900 41-42
" BMP 1100 1800-1850 40-41
Quenching + ageing BMI 1400 1950-2000 43-44
" BMP 1400 2150-2200 48-49
" VNIVLON 1400 2160-2250 48-S¢
" CFRP 1400 1570-1800 $5-40
" BFRP 1400 1450-1800 12-%6




Table 3

Titanium Alloys Foil

Alloy Thickness Gp

o MPa

VT 1-00 80 300

VT 6C 100 830

VT 16 100 800

VT 23 (annealing) 80 1000

VT 23 {(gquenching + ageing) 80 1200
Table 4

Reinforcing Fiber with a Diameter of 90-100 mm
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Material G E d
MPa MPa kg/m'
sic 1800 42000 3500
B/SiC 2300 40000 2700
Table S

Properties of Composites with Internal Reinforcement

Composition constituents Composites properties
Alloy 20% fiber G: MPa
E d
MPa kg icm’
20 500

VT 23 SicC 980 720 18¢00¢ 41luvu
VT 16 S5iC 350 580 185060 4100
VT 6C Sic 820 520 185600 4000
vT 1-0 SicC 500 320 185000 4000
VT 23 B + 5iC 990 610 195000 3600
VT 16 " 00 S30 195000 3600
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Conclusions

1.

[2%]

High-strength titanmium alloys (VT 23, VT 19, etc.) production processes
cylindrical and spherical vessels have been developed.

Cylindrical vessels of VT 23 alloy with external reinforcement by glass
reinforced plastic a2 promising for wide application.

High-strength foil of VT 23 alloy for composites internal reinforcement
devel-oped.

work to aimprove the fiber gquality, decreasing the extrusion temperature
develsping the special extrusion equipment 1is necessary.
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Manufacture and Properties of Sigma Fibre Reinforced Titanium

J.G. Robertson
BP Metal Composites Limited
Research and Engineering Centre
Chertsey Road
Sunbury-On-Thames
Midd!esex TW16 7LN
United Kingdom

1. Summary

Titanium Matrix Composites have long been known to
offer potential for use in aeroengine components. The cost
of producing the fibre and fabricating components has
delayed large scale developments because of concern
over long term component costs. The slow development
pace has, in turn, kept the fibre and composite price high
through low demand. Composite manufacturing routes
using foi! and filament wound fibre has been used for
many years. The difficulties of maintaining a suitable fibre
distribution during hot isostatic pressing and the
availability of cheap toil have eftectively put this technique
on the shelf. However excellent fibre distributions have
been achieved even in difficult geometries by a BP
proprietary process . Mechanical properties comparable
with the most expensive routes can be achieved with this,
one of the cheapest manufacturing routes.

2. introduction

Titanium Matrix Composites (TMCs) offer significant
improvements in specific stiffness and strengtn over
unreinforcad alloys. The combination of high strength and
stiffness available at elevated tmy atures make them
candidate materials for agroengine structures. However
there are a number of difficulties currently preventing thier
widespread usa. Cost of manufacture, limited design data,
difficulties in designing with such anisotropic materials
are but three. Their potential introduction is also delayed
by the fact that the componaents offering the best
siructural efficiencies are also some of the most critical in
the engine. Conservative design and lifing policies need to
be adopted which will require considerabie effort to
develop sufficient confidence. This paper considers work
carried out using Sigma monofilamnets incorporated into
a titanium matrix using foil/fibre lay-up techniques.

3. Silicon Carbide Monofilament Manufacture

Figure 1 is a schematic representation of the fibre
manufacturing process. This CVD technique for
depositing silicon carbide onto a tungsten core has been
in existance for about 15 years, first in Germany with
Sigma Verbundverkstotte and then in the UK with BP
Metal Composites. The tungsten core is available cheaply

in long lengths as it is a standard grade of lightbulb
filament. This enables long lengths (upto 40km) of strong
(3750 MPa) fitament to be produced with a high modulus
(400 GPa) and low coefficient of varience (5%). The
tungsten core is therefore seen as offering key economic
and performance advantages over carbon substrates.

Howevaer, at high temperatures (above about 1050°C) the
silicon carbide can react with the tungsten core producing
strength limiting defects in the filament. This reaction
must be controlied both in the deposition process and
during subsequent high temperature exposure. The CVD
process has been designed to ensure that no degradation
occurs during fibre production. The activation energy for
the reaction is such that no degradation will occur during
titanium composite processing. However, for intermetallic
composite processing at high temperatures significant
degradation can occur. To counter this potential problem,
a 0.3um coating has been deposited onto the tungsten
core to control the reaction even after 75 hours at 1100°C
(figure 2). BPMC is planning to develop this into a
commeaercially available product.

4. Silicon Carbide Monofilament Coating

The uncoated monofilament, calied SM1040, needs
protection from the titanium matrix during composite
fabrication and service lite. BP has developed two coating
systams which are retrosectively 'eposited onto the
SM1040. Other coatings are being assessed.

-SM1140+ is a 4.5um structured carbon coating
deposited onto the silicon carbide surface.

-SM1240 is a 2um duplex carbon/titanium boride
coating.

The SM1140+ coaling is designed to protect the fibre
through many long aggressive consolidation cycles.
Figure 3 shows the interface structure developed when
SM 1140+ is consolidated into a Ti-6-4 matrix. The
titanium reacts with the carbon coating to form a ttanium
carbide reaction product which acts as a diffusion barrier
layer. Further heat treatment of the composite results in
slow growth of the reaction product following a diffusion
controlled parabolic growth faw [1].

Presented at an AGARD Meeting on “Characterisation of Fibre Reinforced Titar.um Matrix Composites. September [993
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SM 1240 is a more economic fibre to produce and is
suitable for most titanium alloys and consolidation cycles.
Figure 4 shows the interface structure developed when
SM1240 is consolidated into a Ti-6-4 matrix. Boron from
the boron rich titanium boride diffuses into the titanium
matrix forming titanium monoboride needles. Some of the
remaining titanium boride coating forms a protective
barrier of titanium monoboride. With further thermal
exposure, the titanium boride layer is gradually consumed
forming more rection product. Once the titanium is fully
consumaed the titanium can start to attack the carbon
layer. Not until the carbon layer thickness is significantly
reduced do the mechanical properties of the composite
start to degrade significantly (2).

The chemical and mechanical properties of the coatings
have been designed to prevent any brittle reaction
products from degrading the perfofmance of the
composite. The structure is designed to have layers that
divert reaction product cracks away from the load bearing
silicon carbide. The mechanical properties of the
post-consolidated coating are critical in determining the
performance of the composite.

5. Composite Manufacturing Routes

Many composite manufacturing routes are available.
Each includes a technique for keeping the fibres
separated while the gaps between them are filled with the
titanium matrix. Filament winding, weaving and inserting
spacers between neighbouring fibres have all been used
to stop the fibre from moving. Plasma spaying, vapour
deposition, foil or powder techniques have been used as a
source of metal for the composite matrix. Hot Isostatic
Pressing (HIPping), Uxiaxial Hot Pressing and Rotl
Bonding have all been used to consolidate the composite.
There are advantages and disadvantages for each
combination of techniques, for example, cost, shape
specificity, fibre placement accuracy, capital outlay, alloy
availability etc.

Figure 5 schematically shows the BPMC TMC fabrication
process. While the whole route appears very similar to
routes that have been used for many years, it differs in
two significant ways. Hot Isostatic Pressing is used in
conjunction with a technique that ensures that good fibre
position is maintained before and during the HIPping
operation. The fibres are prevented form moving prior to
and during consolidation by the use of small quantities of
titanium powder dispersed between the fibras. BPMC are
in the process of patenting this process.

Filament winding was chosen because it offers a method
of accurately controling the fibre position, allowing the
volume fraction of the composite to easily adjusted. The
accuracy of fibre placement is particularly important with
smaller filaments and at higher volume fractions because
the fibre spacings becomse smaller. The small spaces
between neighbouring fibres are difficult to infiltrate, poor
distribution makes it even more difficult. Lack of
infiltration of the matrix will lead to critical defects in
fatigue, flectural and transve: sa loading cases.

Foil has been used as it is a clean, simple source of
titanium, however it is ditficult to produce economicaily.
Various manufacturing techniques have been used
including hot rolling, cold rolling, isobaric rolling, plasma
spraying, pack rolling and chemical milling. The cost of
foil and its availability in the required alloy are critical
factors determining whether the whole route is viable.
Beta alloys are fairly easy to obtain and significant
advances have been made with alpha/beta and
naar-ainha alloy foil production. Most fabrication work to
date has concentrated on Ti-6-4, produced via several
different techniques. Limited consolidation and
evaluation experiments have also been carried out using
near-alpha and beta alloys.

During the degassing phase of the procedure the binder
undergoes a smooth depolymerisation and is removed via
a vacuum system and cold trap. The powder remains in
the lay up and actually bonds to the foils, effectively
forming channels which prevent the fibres from rolling,
moving or “swimming” prior to or during the HIP
operation. Since the powder has essentially the same
chemistry as the foil, it blends into the structure by
diffusion bonding. The choice of which powder to use is
determined by the particle size and contamination
considerations. Large particies cannot lodge between
neighbouring fibres and small ones can contain higher
than acceptible quantities of contaminants. But, the
volume fraction of powder used is so smali that it need not
signiticantly increase overall composite contamination. It
is still necessary to design the the can and tooling
carefully to allow for easy degassing and to maintain the
position of the channels.

Hot Isostatic Pressing was chosen to ensure that an even
load is applied to the composite during consolidation
Conventional uniaxial hot pressing suffers from the
drawbacks that high temperature tooling either deforms (i
metallic) or cracks (if ceramic) when under the pressures
ngeded 10 ensure full consohidation. This means that
frequent reginding or recasting s requ'red AIso. to
produce large parts (eg fla: paneis) the load required 1s
greater than that available on most presses HiPping can
produce complex shapes using relatively criap toohing
These would not work with conventional pressing
techniques. The cost of HIPing 1s often quoted as a
reason for avoiding the process. For one off processing it
is expansive but for the large number of production parts
contemplated, the process becomes economic. However
it is important to ensure the canning and seaiing
techniques are reiliable when processing such valuable
material.

Figure 6 shows the typical distribution of fibre within a
composite made using the BPMC fabrication route. This
quality of distribution can be maintained in thick s. "..n2,
monosheets and more complex configurations (eg twisted
cambered pansls, tubes, rings, and sections ncorporating
unreinforced material). Figure 7 1s a histogram showing
the measured spacings of neighbouring tibres. The
spacing of fibres within the same row can clearly be
ditferentiated from fibre spacings between adjoining rows.
The thicknass o! {oils (100um in this case) and the spacing
of fibres within each row can be further tailored to achieve




a near hexagona! array if that is required. However it is
believed the most important feature is to minimise the
occurance of touching fibres.

6. Mechanical Properties of Sigma Reinforced Titanium

Simple tensile tests were carried out on many panels
produced using the BPMC technique described above.
The tests were designad ta usa the minimum amount of
material consistant with producing an accurate failure
strass and reasonably accurate modulus and strain to
failure. The specimen design and tabbing arrangement
are given in figure 8. The composite was sectioned using
150mm diameter electroplated nickel/diamond discs
rotating at 5000 rpm with a feed speed of 5Smm per
minute. An Instron 4505 testing machine with a 100 kN
load cell, 2650-558 static averaging extensometers,
0-6mm tapered grips and data analysis by Instron Series
IX software. Fhe crosshead speed was Tmm/min and the
gauge length 25mm.

Table 1 summarises the results from a range of panels
produced using SM1240 and SM1140+ fibre reinforcing
Ti-6-4. The tensile strengths given are conservative
estimates of the population average because the resulis
include tests that failed at the tab run out (approximately
1/3 of tests performed). The modulus is somewhat less
accurate, strain gauges would have yielded higher quality
information but were considered too time consuming for
this number of tests. However, the scatter of results does
indicate that when extensometer slippage occurs, the
result is clearly not consistant and can be excluded. The
strain to failure results must be treated similarly.

The longitudinal results suggest that the strength of the
fibre is maintained in the composite. A crude "Rule of
Mixtures” calculation can be carried out, using the fibre
starting strength (measured as an average of 20 pulls at
the beginning of each spool and 20 at the end of each
spool), an aestimate of the matrix strength and the volume
fraction as measured by metallographic analysis. This
gives figures of approximately 90% for both SM1240 and
SM1140+. This estimate is crude but is approximately
correct since the matrix is at yield when the fibres fail.
Howaever, it does not take intc account "bundle” effects or
rasidual stresses. Estimating the matrix strength is not
simple as the alioy is not in a standard metalurgical
condition.
%ROM= UTSx 100
TV + Ymx vm)

%ROM = Rule of mixtures strength
Ff = Fibre failure strength

Ym = Matrix yield strength

UTS = Composite failure strength
V1 = Fibre volume fraction

Vm = Matrix volume fraction
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A similar ROM calculation can be carried out for the
modulus, the results are consistant with the quoted fibre
modutus.

The transversa strengths are lower than unreinforced
titanium matrix. This is to be expected as the engineered
fibre matrix interface is deliberately fairly weak. Good
fibre management is important in achieving a high
transverse strangth. BPMC produced laminate gives a
higher than average transverse UTS. The residual tensile
stress in the matrix between closely spaced fibres is high
(the matrix is probably on the point of yielding). As the
matrix yields, the fibre debonds within the interface.
Matrix rupture starts as thin ligaments between ciosely
spaced fibres fail. The strain to failure results show a high
degree of scatter, to obtain a value at the top end, the thin
ligaments must be avoided, therefore excelient fibre
management is needed.

7. Discussion

Many other workers in the field are currently testing and
developing test techniques using laminates produced by
BPMC. Fatigue crack growth, low cycle fatigue, high
temperature, ¢creep, and compression testing are all
underway and being reported elsewhere. Initiai indications
are that the material behaves very like SCS-6 reinforced
titanium. The diferent fibre diameter and surface coatings
do not seem to significantly affect the primary mechanical
properties providing the coatings are deposited correctly.
There are some applications where the smaller fibre
diameter is desireable (SM1040 has half the
cross-sectional area of SCS-6). Sigma fibre also appears
to have a tighter distribution of strengths than SCS-6,
probabiy due to the change in core. While the effect has
yet to be quantified, it may well iead to more acceptable
minimum performance. The precise failure mechanism
under specific loading cases within components could be
difterent but this effect should only be of secondary
interest.
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Table 1
SIGMA Titanium Matrix Composite Tensile Test Summary

Alloy: Ti-6Al-4V
Fibre Type: SM1140+ or SM1240
Volume Fraction: 25-40%
Number of Ply: 6-8
Lay-up: Unidirectionat
Fabrication Technique: Foil/Filament Wound Fibre/HIP
Testing Direction: Longitudinal
Test tempe:-ature: Room Temperature
Numiber of Panels in Test: 49
Number of tests: 142

Mean UTS: 1612 MPa Average Standard Deviation: 45 MPa
Mean Young's Modulus: 210 GPa Average Standard Deviation: 8 GPa
Mean Strain to Failure: 0.98% Standard Deviation: 0.09%
SM1240 SM1140+
Volume Fraction: 30-35% sd. Volume Fraction: 32-37% s.d.
UTS: 1606 MPa 60 MPa UTS: 1614 MPa 54 MPa
ROMSg6:  90% 3% ROM%: 93% 4%
Modulus: 210 GPa 8 GPa Modulus: 208 GPa 6 GPa
Failure Strain: 0.97% 0.07% Failure Strain: 1.01% 0.13%

Transverse UTS: 550 MPa
Transverse Young's Modulus: 150 GPa
Transverse Strain to Failure: 1-3%

Longitudinal Poisson’s Ratio: 0.26 Thermal Expansion Coetticient: 6.58 x 10-6/K
Transverse Poisson’s Ratio: 0.17 Transverse Expansion Coef’: 9.32 x 10-6/K
Density: 4.1 g/cc (0-700°C)
' Hydrogen
Tungsten .\ Supply
Fllament
Silane
Supply
=
Power =
Supply = Distlliation
-t
T s
Waste
Produots
Slllcon Carbid~

Monotiiament
@

Figure 1 Schematic of Sigma SIC SM1040 Monofllament Reactor




Fiqure 2 The effect of thermal exposure on W/SiC interface

Uncoated tunsten core/silicon carbide
reaction after 100 hours at 1100°C.
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Coated tungsten core/silicon carbide
reaction after 75 hours at 1100°C.
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Figure 3 SM1140+/Ti-6-4 Interface
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Figure 5.

Composite Panel Fabrication Route
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Fiqure 7 Histograti: of nearest neighbour fibre spacings
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PROPERTIES OF TMC PROCESSED BY FIBRE COATING AND HIPING
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Institute for Materials Science

Lir.Jerhohe
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Germany
1. SUMMARY the composites is expected and
the processing of rotation symme-
SiC-fibre reinforced titanium tric parts by winding should be
alloys (Ti6Al4V and IMI834) were easier to perform [§11,13]. In the

processed by fibre coating and
hot isostatic pressing (HIPing).
Composites with a well consolida-
ted microstructure, with a fibre
volume fraction between 0.2 to
0.6, with a narrow fibre distance
distribucion and a fine globular
grain structure were obtained.
Tensile properties according to
the rule of mixture are measured
with values of the ultimate ten-
sile strength for the 0.4 SiC-
Ti6Ald4V-composite of 2.4 GPa at
room temperature and for the 0.37
SiC-IMI834-composite of 1.3 GPa
at 300°C. Fatigue properties
were measured under loading con-
ditions of R =-1. Different crack
initiation effects for different
matrix properties and stress am-
plitudes were observed.

2. INTRODUCTION

An alternative method of TMC pro-
cessing by hot pressing (or HIP-
ing) of alternating lavers of
fibres and titanium foils i~ the
hot 1isostatic prezsing of SiC-
fibres coated with the matrix
material {1-12}, The fibre coat-
ing can be performed by a physi-
cal vapour deposition method or
by plasma spraying. At DLR in Co-
logne three different deposition
methods were applied and compaved

to each other to reveal the most
suitable one for composite pro-
cessing [12]. The coated fibres
are bundled, introduced into a

tube made from the matrix materi-
al, encapsulated in a stainless

steel capsule, outgassed and hot
isostatically pressed.,
The fibre coating and HlPing me-

thod should have some advantades
compared to the hot pressing{Hip-
ing) of alternating layers of fi1-
bres and titanium foils. Applying
fibre coating and HiPing no foils
of the matrix material are nee-
ded, a better consolidation of

present paper results of the cha-
racterization of composites, pro-
cessed by fibre coating and HIP-
ing at DLR are presented and ad-
vantages and disadvantages of
this processing method are dis-
cussed.

3. EXPERIMENTAL

Two titanium alloys, the Ti6Al4dvV
and the IMI834, were used for the
deposition on the Textron SiC-
SCS-6 fibres. The matrix was de-
posited on the fibre by electron
beam evaporation (EB-PVD), magne-
tron sputtering and random arc.
HIPing was performed at 900°C at
1900 bar for 30 minutes. From the
hiped material cylindrical sam-
ples were prepared by machining
and investigated by metallogra-
phy, scanning electron microsco-
py, chemical analysis, by deter-
mining the tensile properties at
room and elevated temperatures
and by fatigue experiments. The
details of composite processing
and characterization are de-

scribed in [912).

4. COMPOSITE CHARACTERIZATION

In Fig1 SEM images of fracture
surfaces of SiC=-fibres coated
with the Ti6AlIV matrix are
shown. The fibre in Fig.1a was coa-

ted by EB-PVD and in Fig.1b apply-

ing magnetron sputtering. The
grain si1:2e in the deposited coat -
ings are a few micrometers only
for both deposition methods. The

lamellar structure of the coat ng

in Figdb i< tyvpical for the magne-
tron deposition [14],. As can  be
secen from that image the thick-
ness of the lamelles are of the
order of a few micrometers,

The fibre volume content of  the

Presented at an AGARD Meeung on "Characterisution of Fibre Reinforced Litaniom Mairiy Compaosites. Seprember [093




Fig 1 SiC-fibre coated with the Ti6Al4V-alloy by
fa) EB-PVD and (b) magnetron sputter deposition
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fibres with distances lower than

10 ym is 1 percent. As can be
concluded from Fig.2, fibres are
in all cases completely surroun-

ded by the matrix and a nearly
hexagonal arrangement of them is
obtained.

HIPing the composite con-
proceeds at a low de-
speed of the order of

During
solidation
formation

0.1 ym/sec. Together with the
small grain size of the matrix
material of the coating, super-
plastic deformation is typical

for this processing method[ 1617].
In Fig4 i he grain structure of the
matrix 1s shown from a composite
processed by applying magnetron

sputtering as a deposition me-
thod. A mean grain size of 2 pm
is measured. In samples processed
applying EB-PVD and random arc
grain sices of H and 10 pm are
obtained respectively [12].
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Table 1 a comparison of the chemi-

cal composition of the coatings
obtained by the three deposition
methods with the as received al-
loy for the IMI1834 is shown. For
coatings obtained by random arc
and EB-PVD the chemical composi-
tion deviates drastically from
that of the target material. For
both methods an expenditure melt
metallurgical procedure is needed
to process evaporation targets
which results in a suitable coat-
ing composition. Only the magne-
tron sputtering results in nearly
the same composition of the coat-
ing and the target material.

Applving magnetron sputter depo-
sition, the danger of oxygen in-
troduction into the alloy exists
however. Using commercial magne-
tron sputter deposition equip-
ments without an optimization of

deposition conditions up to

Fig.4. Globular grain structure in composites processed by fibre coating with matrix and HIPing. For
the fibre coating the optimized magnetron sputter deposition was applied.

The vapour deposition of the ma-
trix may cause a change of the
chemical compusition of the coa-
ting and an introduction of the
oxygen (or hydrogen) from the re-
sidual gas pressure of the vacuum
system can take place. Extensive
investigations were performed to
quantify these effects [12]. In

10 000 ppm oxygen was measured in
the coating material. An optimi-
zation of the sputtering process
was performed with the aim to
reduce the oxygen introduced into
the alloy during coating under
the conditions of an as low as
possible fibre heating. Fibre
heating has to be prevented be-
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cause a reaction of the titanium-
alloy with the carbon coating may
result in a fibre strength degra-
dation [718]. Applying the optimal
sputter depositicn conditions an
oxygen content lower than that of
the other deposition methods was
obtained [12]. The lowest value

obtained up to now was 1000 ppm
and there 1is still hope for a
further reduction. In this paper
only results of composites with
an oxygen content lower than 2000
ppm will be discussed. A ductile
matrix is obtained in this case.
For the influence of the matrix
embrittlement due to an incorpo-
ration of a high oxyvgen content
in the matrix on the composite
properties see [912],

Table 1

5. MECHANICAL PROPERTIES

In Fig.5 ultimate tensile strength
and Young's modulus is shown as
a function of the fibre volume
fraction vi. The shadowed area
marks the predictions of the rule
of mixture (the FWHM of the fibre
strength distribution was used to
predict strength and modulus).
All measured values are inside
the region predicted by the rule
of mixtures. For a typical v, =
0.4 an ultimate tensile strenigth
of 2.1 GPa and a modulus of 220
Ghla 1s measured. The elongation
to fallure 1s of the order of 1.3
% 112}]. we refer the high

Chemical composition of the Ti-IMI! 834 coatings (in wit%)

Deposition Elements

method Sn 7 Mo
Target
composition 1.9 3.6 0.7
Magnetron
sputtering 3.1 4.6 0.6
EB-PVD 1.8 <0.05 <0.05
2,5
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strength measured in our composi-
tes, compared to that of values
obtained in composites processed
by hot pressing of alternating
layers of fibres and foils pu-
blished in litevature (e.g.[19]),
to the nearly ideal composite
consolidation and the small grain
size of the matrix.

In Table 2 some ultimate tensile
test values of the SiC-IMI834-
composites at different tempera-
tures are shown. For an unrein-
forced IMI834 material at room
temperature approximately 1 GPa
1s obtained. With increasing tem-
perature the ultimate tensile
strength decreases first slowly
to values of 750 MPa at 500°C,
and decreases rapidly above that
temperature [20]. For the 0.37
SiC-IMI834 composites 1.3 GPa is
measured even at 900°C. As can be

seen from the fracture surfacc,
Fig6, a ductile fracture with no
necking of the reinforced region

is obtained at

i test temperatures
of 900°C.

Table 2

Ultimate tensile strength for SiC-IMI834-composi-
tes at different test temperatures

Fibre Test it imate
volume tempera- tenscile
fraction ture strengtl
[%] [ fabal

0 RT 1.0

35 RT 2.0

37 300 1.92

12 100 2.13

40 500 2.05

39 600 1.83

37 700 1.60

35 800 1.27

37 900 1.29

42 970, 1.21

In Fig7 the fatigue behaviour for

the 0.32 SiC-Ti6Al4V-composites
obtained under symmetrical load
conditions of R = -1 is compared

with unreinforced material tested
under the same sample geometry
and load conditions. At high
stress amplitudes of $900 MPa the
fatigue life is higher by more
than one order of magnitude com-
paited ~ith the unreinforced ma-

Fig. 6. Fracture surface of a SiC-IMI834-composi-
te tested at 900°C, (a) overwiew and (b) detail

1600
¥ guctide matrix
1200 * o unreinforced
1000
° o} 'C
=]
G .
i 800 or—— -
< +
?_:“‘ 600 ——O-C-*— 5
bl
A& o
400
200
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Number of Cycles

Fig. 7. Number of cycles to failure for different
stress amplitudes for SiC-Ti6Al4V-composites
with a fibre volume fraction of 0,32 compared
with results of unreinforced material with the
same sample geometry.

terial. At low stressg
of *600 MPa and lower, nearly the
same values for the reinforced
and unreinforced material are ob-
tained.

amplitudes
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The symmetrical sample geometry,
the homogeneous fibre distribu-
tion and the complete fibre enve-
lopment by the matrix allow the
study of fatigue crack initiation
effects in these composites. A
detailed study will be published
elsewhere [21]. In Fig.8 an example
is given of a metallographic sec-
tion parallel to fibres of a
0.32 SiC-Ti6Al4V-composite load-
ed at a stress amplitude of

*600. Mainly fibre breaking du-
ring the fatigue loading of the
composites 1s observed and the
mat rix remains mostly unchan-
ged.For different matrix proper-
ties und different load amplitu-
des different crack initiation
effects were observed in  these

composites: in a ductile matrix
at high stresses crack initiation
at the reaction zone fibre-matrix
and at low stresses in the fibre
was observed. In composites with
a brittle matrix at high stressces

crack initiation in the matrix
and at low stresses at the sample
surface was detected [12,21].

Fig.8. Metallographic section of a SiC-Ti6Al4V-
composite parallel to the sample axis loaded at
+600 MPa showing the preferential breakage of
fibres.

6. DISCUSSION AND CONCLUSIONS

Processing of composites by coat-
ing the SiC-fibres with marix and
HIPing results in a material with
a variable fibre volume fraction
between 0.2 and 0.6 with a narrow
fibre distance distribution and a
low fraction of fibres with small
distances, Applying optimized

magnetron sputtering as a matrix
deposition method a small globu-
lar grain size, nearly the same
matrix composition in the compo-
site material as in Lhe target

material and a low oxyvgen content
i  obtained. Ultimate tensile
strength and Young's modulus va-
lues as predicted by the rule of
mixture in the resgion betweon
0.2 and 0.5 are measured. The
elongation to faitlure is 1.3 %.

For the 0.37 SiC-IMIR31 composite
at 900°C ultimate tensile
strength of 1.5 GPa were obtai-
ned. Fatigue life of 0.32 Sic-
Ti6AT4V composites 1= higher by
more than one order of magnitude
than the unreinforced material
for Lhigh stresses of the order of
+360 MPa and as high s the un-
reinforced material for stresaes
below 2600 MPa. Difforent crackh
initiation ~ffects were observed
in these composites during fati-

gue loading.

The high ultimate tensile
stroer®th of our compositoes is o=
plained by the neacvliy fdeal Filee
distribution and the fine gtobu-

«structure of the ma-

aro grain
1x. The iherease  of  fat joue
s unsafficient compared
the unreinforced material  when

the hich tensile =trongth of ot he
compostilies 1s consitdered, A cave -
ful tavestidat ton o ot the  crach
initiation and propagat ion ot -
fects should however give infor -
mat ions on the methods for an -

crease of fat igue propert e

[211.
Some  of  the advantages  of e
processing method by frbre coat -

ing and HIPing can present Iy b
predicted: Every matrix material
which c¢an be cvaporated by PVD

and consolidated by HIPing can be
used for processing  composites
without the need of matrix foils,
Nearly ideal composites with a
small globular grain size are ob-
tained. These are conditions to
obtain tensile properties of com-~
posites according to the rule of
mixture. Proccosing of building
parts by winding of coated fibres
should he easier compared with

| N




the method applying hot pressing
of alternating layers [5,10,11,13].

As one can expect there are dis-
advantages of this processing me-
thod however. The fibre coating
and HIPing method is up to now an
expensive method of processing
and some of the problems have not
been solved until now. For an
application to processing of
parts by winding the problem of
fibre breackage during the HIP
process has to be solved [11].

Most of the unresolved problems
are however common to those for
the composites obtained by hot
pressing (HIPing) of alternating
layers of foils and fibres. Com-
pared with the high tensile pro-
perties the fatigue properties of
the composites are unsufficient.
For application temperatures hig-
her than 600°C the carbon coating
of the fibre has to be modified
[18] and for a titanium aluminate
as a matrix material the optimal

processing conditions have not
been determined until now [20].
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Fibre-matrix interface properiics in Ti-matrix composites :
chemical compatibility and micromechanical behaviour

A. Vassel, R. Meévrel, J.P. Favre, J.F. Stohr
Materials Department. ONERA, BP 72
F 92322 Chatillon, France

ABSTRACT

Silicon carbide reinforced titanium alloys or titanium
aluminides are challenging materials for engine discs
wppiications in the temperature range 650-800°C. The
main problems concerning fibre-matrix compatibility,
te. fibre coating degradation through dilfusion
controlled mechanisms and fibre-matrix mechanical
behaviour are reviewed based on recent studies.

It is also shown how two micromechanical tests, the
fragmentation test and the push-oul test may be
correlated. With the help of a 1D shear-lag type
model, taking fibre-matrix debonding into account, a
goad fit is obtained between measured and computed
values of the fibre-matrix load-transfer mcan shear-
SUress.

INTRODUCTION

Metal matrix  composites  appear to be  good
candidates 10 ensure a further temperature rise of
compressor components. One of the main challenge
for these materials will be to replace titanium alloys
and superalloys for discs applications, the former
being ablc to operate today at a maximum
temperature of 550°C and the latter at 650°C.
Titanium alloy matrix composites are expected to
work at temperatures around 650°C while titanium
alumide matrices are expected to allow a 100 or
150°C further rise in operating temperatures.

Three main problems have to be solved in a first
step

- the determination of the maximum operating
conditions so as to allow an accurate contrel of the
reaction between the fibre-coating and the matrix in
order to maintain, during the component life, the
cfficicncy of the mechanical fuse, ie. the fibre
coating ;

- the definition of reliable means of measuring the
fibre-matrix interface characteristics so as to he able
to proceed to non destructive testing of the composite
at any time during its life ;

- the achicvement of good links between  the
mechanical behaviour of these materials (strength,
fatigue and thcrmal-fatigue behaviour) and the
micromcchanical parameters, essentially the fibre-

matrix bond strength and glide properties.

1.ANALYSIS OF FIBRE-MATRIX INTERACTIONS
1.1. Micrestructural investigations
L1.1. SCS-6/Ti-041-4V cemposite

The interaction between the SCS-0 fibre and the
Ti-6Al-4V matrix is well documented in the literature
|1-7} and the main results are summarized below. The
SCS-6 fibre (o 140 pm) produced by Textron is made
of SiC deposited by CVD on a carbon core. It
possesses a 3 pm thick protective coating which is
mainly composed of pyrocarbon.

During processing of the SCS-6/Ti-6A1-4V composite
around 900°C, a partial consumption of the carbon
layer takes place with the formation of different
compounds. According to Rhodes and Spurling 2],
the interaction zone consists of three lavers of
reaction products. The major reaction product is TiC
which is sandwiched between an inner faver of a fine-
graincd mixture of TiC and TigSiy and an outer layer
of TigSiy. Titanium carbide develops more extensively
than titanium silicide as a direct result of the
composition of the fibre surface. Hall et al. [3,4]
observed the same compounds in the reaction zone
and they identified a TigSiy silicide associated with
TigSis.

When titanium reacts with the coating |, titanium
carbide is formed in a first step. As long as the
carbon coating is not catirely consumed, the titanium
carbide plays the role of a diffusion barricr by
preventing  (itanium  from  reacting  with  SiC.
For longer durations, the reaction growth rate is
controlled by the diffusion of titanium and silicon
through the titanium carbide layer [S]. The alloving
clements do not participate in the fibre-matrix
reaction  and an increase  in the  aluminium
and vanadium concentrations has been found  at
the interface between the matrix and the reaction
zonc |5,6]. There is no evidence that new intermetallic
compounds arc formed, it rather appcars that
the alloying  clements  are simply  combined
substitutionally [3).

Growth of the reaction zone and consumption of the
fibre surface layer are nonuniform with greater
rcaction occuring where the fibre contacts beta phase
of the titanium matrix. This phenomenon appears to

Presented at an AGARD Meeting on ‘Characterisation of Fibre Reinforced Titanium Matrix Composites, September 1993,
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result from the higher diffusivity of carbon in the beta
phase |2].

L.1.2. SiC/Ti;Al + Nb composites

Analytical  studies  of fibre-matnix  interactions
were performed  on 8CS-6/Ti-14AL1-19Nb  and
SM 1240/Ti-14Al-19Nb composites. The SM 1240 is
a SiC fibre (0 100 wm) with a tungsten core. Its
protective coating, designed within the framework of
a European collaborative programme, is composed of
three lavers : pyrocarbon (1 pm), TiB, (0.2 pm) and
an external TiB,+ B coating (0.8 pm). Due to the
difficulty in processing intermetallic  matrix
composites, such materials were  simulated by
sputtering a Ti-14Al-19Nb layer onto SiC fibres and
heat treating in an inert atmosphere at temperatures
representative of  fabrication  conditions.  The
experimental procedure is described elsewhere [8).

The fibre-matrix interaction on the SCS-6/Ti-14A1-
19ND system was studied using a submicron ton probe
[9]. Tonic images after a thermal exposure of one
hour at 1050°C are presented in Fig. 1. The C image
illustrates the carbon coating of the SCS-6 fibre and
the TiO™C correlation image shows the extent of the
interaction zone which is about 08 pm. It was
checked that no silicon is present in the reaction
rone. A detailed analysis of the fibre-matrix interface
using TEM techniques has also been performed by
Baumann et al. [10]. They found that the matrix had
rcacted only with a portion of the carbon-rich outer
laver of the SCS-6 fibre in the as-consolidated
condition. The reaction zone is composcd of two
concentric zones. The zone closest 1o the fibre
consists of (Ti,Nh)C“_‘)‘ (Ti,Nb,Al)e5i4 and some
microporosity. There is a diffusion-generated Nb
concentration through this zone. The zone adjacent to
the matrix contains (TuNb)AIC and (Ti,Nb ALSI;.

We have performed TEM  investigations on the
interaction zone of the SM 1240/Ti-14Al-19Nb
composite. A micrograph of this zone in contact with
the fibre is shown in Fig. 2. During the exposure at
1050°C, the external boron rich coating has been fully
transformed to nceedle like precipitates which were
identificd as TiB, from clectron diffra. hon patterns.
These precipitates act as a diffusion barrier and the
inner carbon laver remains intact. Fig. 3 is a
micrograph of the reaction 7one near the matrix.
Here, long ncedles embedded in the Ti-14A1-19Nb
aluminide can be observed. The combination of
clectron microdiffraction, EDS and EELS reveals that
their composition is (Ti, 2,Nby, 1)B.

Recent investigations were carried out on the phase
cquilibria 1in the ternary Ti-ALB svstem {1
Titanium monoboride and titanium diboride are the

two main compounds that can appear. It was shown
that TiB, is stable above 30-40 at.%  aluminium
and/or 40 ar.¢¢ boron. Accordingly, the presence of
TiB, is expected near the fibre, the external laver
containing a large proportion of boron, whercas a TiB
type compe wnd is likely to precipitate on the matrix
side. O observations  agree  with  these
thermody amic considerations,

1.2. Kinetic parameters

The increase in reaction zone thickness as a function
of the square root of time for two SiC/TiyAl+Nb
composttes are shown in Fig. 4. These plots show that
in the temperature range 800-1050°C, the growth of
the reaction zone is lincar with the square root of
time and this result is in agreement with previous
work on SIC/Ti compuosites [13-16]. This indicates
that the reaction rzone growth kineties is mainly
controlled by diffusion and that it can be modcelled
with a parabolic growth law :

x = ki'R

where v ois the reaction sone thickness, & 1 the
temperature dependent rate constant and ¢ s the
isothermal exposure time. Furthermore, & can be
expressed by the Arrhenius cquation

k =kye O2AT
where kg is the pre-exponential factor, Q is the
apparent activation energy, R is the gas constant and
T is the exposure temperature. The values of Q and
k, can be calcutated by ploting the loganthm of the
reaction zone thickness versus the reciprocal of
the absolute temperature. These values are listed in
Table 1 for several SiC/Ti composites. The activation
cnergy varies from 206 to 209 kJ/mol depending on
the systems and the laboratories.

The knowledge of the reaction kineties ot operating
temperatures s an important paraincter. Thermo-
dynamic parameters determined for short exposures
at high temperatures can be used to predict the
extent of the reaction zone thickness tor long term
use of the composites at lower temperatures. Such
a calculation was made for a 1000 hours exposure
at 700°C (Table 2). It can be scen that for the
SCS-6/Ti-0Al-4V  composite which  cvhibits the
highest reaction kincties, the 3 um thick pyrocarbon
coating of the SCS-6 fibre iy not totally consumed.
The  comparison between the Ti-0ALIV and
TizAl+ Nb matrices reveals the slower reaction rate
when inereasing the alloy additions and this effeet can
be mainly atributed o aluminium [6]  Also. it
appears that the reaction kinctics is similas for the
SCS-6and the SM 1240 fibres although their coatings
are ol dilferent nature. pyrocarbon and TiB, « B
respectively. i




2. THE FIBRE-MATRIX INTERFACE AND THE
MICROMECHANICS OF Ti MATRIX COMPO-
SITES

As already stated, must of the components made with
a Ti-base matrix composite will be mainly uscd for
aircraft engine applications. The concerned parts are
compressor discs with either a flat or a drum shape
for which the main loading originates {rom the
centrifugal forces due to the high rotational speed of
the engine. Therefore, due to the highly anisotropic
loading, composites with a unidircctional (U.D.)
reinforceraent will be used for these componcents. The
loading will be mainly the hoop stress together with
combined thermal and low-cycle fatigue stresses ; the
desion of these components will be made in a first
step on relying upon the elastic limit, which appears
to be very close to the rupture stress in these
composites with a high fibre volume fraction
(> 30%). Prediction of the U.D. composite strength
starting from the constituent propertics, i.¢. those of
the fibres, the matrix and the interface between the
fibre and the matrix, appears to be one of the major
concern for the use of these materials.

2.1. Approach of a failure criterion for U.D.
composites

The very first models developed for the prediction of
the rupture stress are due to Rosen [17] and Zweben
[18] in the mid-sixties. Both models made the
assumption that the composite fuilure resolts from the
concurrent rupture of single fibres linked by a tough
matrix, where a penny shape crack is supposed not to
grow. The rupture criterion has been derived based
on the concept of the incfficiency length, (e, the
critical length over which a single fibre is reloaded
from its broken cnds. The predicted rupture stress is
strongly dependent upon this incfficiency length. To
get better strength predictions than those obtained
with the shear-lag fibre reioading considered by
Zweben [18), it is essential to take into account more
realistic reloading mechanisms including fibre-matrix
debonding :

- firstly, fibre-matrix dchbonding ¢nsurcs that a matrix
crack will not grow subsequently to the fibre failure,
thus leading to stress concentrations on  the
neighbouring ones, as shown by J.A. Cornie ct al [19],

- secondly, the consideration of a rcal fibre-matrix
load-transfer  shear-stress  obtained  through
fragmentation tests measurements, and its evolution
with tcmperature, allows a good fit between the
measured and the computed values of the composite
rupture-stress, Fig. 5 [20).

Moreover the composite failure simulation performed
using a model material with 400 single fibres,
(20 x 20) clearly reveals that :
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- an increase in the fibre Weibull-modulus results in
an increase in the composite rupture  strength
(Fig. 6a). It is worth mentioning that for the same
mcean rupture-stress of the fibres (#4000 MPa for a
gauge !ength of 5 mm), an increase in the fibre
Weibull-modulus frem 4 to 25 leads to a rise in the
composite rupture-stress of more than 55%. On the
opposite, a low fibre Weibull-modulus allows a larger
number of single fibre ruptures before the composite
failure (Fig. 6b, ¢, d) ;

- the influence of the fibre-matrix load transfer is
even more important when the fibre Weibull modulus
is low ; at vanishes for high Weibull modulus, ic.
when m 2 20, (Fig. 7) :

- the limitation of the load transfer from the broken
fibre (o the next neighbouring ones is even less
deleterious when the inefficiencey length is low

- in titanium-alloys matrix composites the limiting
factors of the fibre-matrix load transfer shear-stress
appear to be linked to fibre-matrix debonding ; as
shown by D. Jacques [21], two physical parameters
are to be taken into account, the fibre-matrix bond-
strength and the fibre-matrix friction stress over the
fibre debonded length. Fig. 8 illustrates the reloading
of a fibre from a broken end showing the friction
stress, proportional to the thermal hoop stress, which
is constant over the debonded length of the fibre,
followed by the clastic reloading starting from the
fibre-matrix bond strength.

This very first approach of a composite rupture-
criterion does evidence the prime role of the fibre-
matrix load transfer shear-stress, and that of the
contributing physical paramcters, the fibre-matrix
bond strength and the friction stress over the
dcbonded length. At the present time, two methods
are available to reach those paramcters © the
fragmentation test which allows the measurement of
the mcan interfacial shear-stress and the push-out
technique which permits the measurement of both the
fibre-matrix bond strength and the fibre-matrix
friction stress [22].

2.2. Fragmentation tests results

The processing of the fragmentation test, using single
fibre specimens, has been described clsewhere and
the data for the SCS-6/Ti-6Al-4V composite alrcady
reported [22 7' The Ti-14AL-2INb aluminide sheets
used in the  .dy were kindly provided by Mrs
Brindley from NASA Lewis. SCS-6/Ti-6Al-4V
specimens were tested at room temperature whereas
the SCS-6/titanium  aluminide oncs were  ltensile
tested at 425 and 650° C due the very Jow clongation
to rupture of this titanium aluminide at room
temperature. Fig. 9 illustrates a typical fragmentation
tensile curve for the SCS-6,/Ti-14A1-21Nb compositc

..
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at 425°C. Fragmentation of the fibre occurs an the
elastic-plastic region with small load drops resulting
from the successive ruptures of the SCS-0 fibre. The
number of load drops fits the number of fibre
ruptures  observed  after matrix - dissolution. The
maximum {ibre-matrix load transfer shear stress s
derived from the Kelly-Tyson relationship ¢
= doﬁ(l‘_?

=2

where the critical length /0 is cqual o 374 />,
<{> being the mean fragment length, and o, (1)) the
fibre strength of the fragment. The fibre strength s
obtained from single filament tensile testing, these
filaments being previously coated with the convenient
matrix, using g PVD technique. and subscquently heat
treated o simulate the processing ovele [20]. The
measured values of the interfacial mean shear- stress
T, have been plotied for both the Ti-0AL4V and the
Ti-14AL-2INb matrix composites in Fig 10, The «
values are quite simifar for both compuosites whatever
the matrix.  Concerning the  reloading mode,
observations performed on broken test pivees reveal
that in both cases fibre debonding oceurs muamnly
within the coating itself or at the fibre-coating/metal
or reaction zone interface. This is an dication of the
role played by the fibre-matrix friction-stress in the
fibre reloading

2.3, Push-out tests results

Push-out tests have been performed at ONERA using
SCS-0/Ti-0Al-4V unidirectional composites provided
by  Textron  Specialty . Metals Davision,
The expernimental conditions have  been reported
clsewhere [22]0 Both the decohesion stress t and the
friction stress 1y have been derived from rthese tests
using the following relationships (Fig. 1y
—— F.I

2rrth-a)

where Fd s the load at decohesion, rthe fibre radius,
/it the specimen thickness and a a fitting paramcter
obtained from tests with different fibre embedded
lengths.

where £, the applied toree and it the embedded
length of the fibre.

Table 3 colleets the available results on push-out tests
onginating cither from the hiterature {28-32) or Irom
work done at ONERA [22]. A kcen examination of
the results shows a good agreement for both 14 and
t¢ values obtained in different luboratories, which is
rather unusual for micromechanical testing [27). As
alrcady mentioned, decohesion occurs both at the

fibre-carbon coating interface and the coating-matrix
interface (Fig. 12).

2.4. Correlation between push-out and fragmentation
tesls

As already mentioned. the fibre-matrix load-transfer
mean shear-stress t obtained from fragmentation
tests and the fibre-matrix bond strength and fiction
stress derived from push-out tests cannot be directly
compared. Nevecheless, as shown by D Jacques |21
T, can be computed from v values, provided that
the fibre and matrix characteristics are known, and
with the assumption that on the debonded length, the
fibre glides relatne o the mainy with o Coulomb
type friction-stress. Taking the charactenstics piven in

Table 4 for the two matrices, values of t,, can then

n
be = mputed, assuming that the stress distribution

the fibre end is the one given in Frg. S

A comparison of the compute t and measured values
of T s given in Table S tor both SON-0, Ti-0A Y
and SCS-0 /T AL 2IND compostes The aercement
between the measured and the calculared values can
be considered oy pretty good. This first carrclation
attempt between intertaaal characternstics obtained
through two ditferent tests appears quite promising in
view of predicting the mechanical behaviour of this
kind of compuosite

3. DISCUSSION

Titanium-aluminide  matrix  composites processed
with SCS-6 Textron fibres do cxhibig a better thermal
stability  than  Ti-0AlL4V matrix  composites
as evidenced from Table 20 1t appears from these
results that at 700°C the carbon coating laver should
be consumed within 700 hours, which corresponds to
ultimate conditions for SCS-0/T1-0AL4V use. On the
opposite, ttanium-aluminide composites will be able
to sustain much fonger holding tmes -about one
order of magnitude- without the carbon coating being
fully destroyed. This better behaviour has been linked
to a decrcase of both the reactivity and diffusion rate
when the aluminium content of the alloy is increased.

From another point of view, it has been shown that in
the as-processed state, both compasites do exhibit
fibre-mutrix debondme and fibre glide within ts
matrix sheath, the debonding occuring cither at the
fibre-coating  or  the  coating-matrix  intertace.
Morcover, a good it has been obtained between the
interfacial  charactenisties measured  trom
fragmentation tests and those computed from push-
out data, using or shear-lag unidimensional model
taking into account only two parameters, the fibre-
matrix bond strength and/or the friction coefficient
between the fibre and the matrix.
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Load (arbitrary waits)
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Table 1: Q and k values for various composites

Q (kJ/mol) ko.l()" (m/s'/% Composite Ref.
258 82 SiC/C/Ti-6Al-4V {1}
207 o $CS-6/Ti-bAl-4V (13]
252 49 SCS-6/Ti-6Al-4V [16]
206 13 $CS-6/Ti-14A1-19Nb (12
269 29 $CS$-6/Ti-14A1-21Nb [16]
21 5 SM 1240/Ti-14Al1-19Nb (12]

Tuble 2 : Calculated reaction zone thickness after 1000 hours at 700°C

Thickness (um) Composite Ref.
21 SCS-6/Ti-6Al-4V [16]
0.8 SCS-6/Ti-14A1-21Nb [16]
0.7 SCS-6/Ti-14Al-19Nb [12]
1.1 SM 1240/Ti-14Al-19Nb {12)

Table 3: Push-out and fragmentation tests results on two composites SCS-6/Ti-6Al-4V and SCS-6/Titanium aluminide

Processing Push-out tests Fragmentation
Composite conditions tests Ref.
tg (MPa) | 1 (MPa) T (MPa)
S$CS-6/Ti-6Al-4V 925°C/70 MPa/30 mn 156 £ 11 875 -
SCS-6/Ti-14Al1-19Nb 115%4 585%23 - =41
SCS-6/Ti-6Al-4V 895°C/80 MPa/30 mn 180 [23%]
SCS-6/Ti-14Al-21Nb - 1193 47825 - [™9]
SCS-6/Ti-14A1-21Nb - 105 = 11 5757 - (30]
SCS-6/Ti-6Al-4V as received - 80 [3t]
SCS-6/Ti-6Al-4V as received 15126 - 192 £ 20
SCS-6/Ti-14A!1-21Nb 925°C/40 MPa/30 mn 9%+ 15" 22
$CS-6/Ti-6Al-4V as received - 78 - (32}
* This test performed at 425°C, all others at room temperature
_ AR,




Table 4 : Characteristics of the matrix used for t,, computation.

Composite
SCS-6/Ti-6Al-4V SCS-6/Ti-14Al-21Nb
(20°C) (425°C)
Characteristics
E,, (GPa) 115 87.3 33
Vo 0.4 0.4
e, (°ChH 10.10° 10.10°®

Table 5 : Comparison of measured and computed values of the mean interfucial shear strengh <,

Composite
SCS-6/Ti-6Al-4V SCS-6/Ti-14Al-21Nb
(20°C) (425°C)
T, (MPa)
measured value 192 £ 20 96 £ 15
computed value 202 107
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OXIDATION BEHAVIOR OF TITANIUM ALUMINIDE MATRIX MATERIALS

Jeffrey Cook
Eun U. Lee, William E. Frazier
Thu-Ha T. Mickle and Jeffrey Waldman
Naval Air Warfare Center, Aircraft Division
Warminster, PA 18974
United States

SUMMARY

Oxidation tests were performed on titanium
aluminide alloys of three different
compositions to determine their oxidation
properties under isothermal and cyclic
conditions. The TiAl/Ti3Al alloy and the
Al3Ti exhibited roughly parabolic behavior
between 900 and 1100°C, while the TiAl
oxidized in a linear fashion. Rate constants
and activation energies were calculated for
each material, and based on these the rate-
controlling processes and mechanisms were
determined.

1. INTRODUCTION

Alloys based on the titanium rich portion of
the aluminum-titanium phase diagram have
been the subject of intense scientific and
developmental work [1]. The benefits of the
substantial engineering investment in alpha,
super-alpha-two, and gamma titanium
aluminides are now beginning to be realized:
improvements have been made in ductility,
toughness, elevated temperature strength, and
deformation processing [2]. However, the
exploration of the aluminum rich portion of the
aluminum-titanium phase diagram is still in its
infancy. The exploitation of titanium
trialuminide based alloys as aircraft materials
is of significant interest because of their high
melting point (1350°C) [3], high elastic
moduli (170 GPa), low density (3.35 gcm-3),
and elevated temperature strength [4,5]. In
addition, their oxidation resistance is expected
to be superior to that of the alpha-two and
gamma titanium aluminides.

The oxidation of titanium aluminides at high
temperatures is dominated by reaction kinetics
rather than equilibrium thermodynamics. This
is because the activity of oxygen in ai: is
fixed, the supply of oxygen is virtually
unlimited, and metal oxides are typically more
thermodynamically stabie than metals.
Oxidation kinetics are related to a large

number of variables, including diffusion rates,
scale chemistry and morphology, and crystal
structure.

The rate of oxidation is typically classified as
logarithmic, linear, or parabolic [6,7].
Logarithmic oxidation is generally observed at
temperatures below 400°C. Oxidation is
initially very rapid but drops off to negligibly
small values. Al203 growth on aluminum at
room temperature is an example of logarithmic
oxidation. Linear oxidation behavior is
constant with time and thus independent of the
quantity of gas or metal previously consumed
in the reaction. Linear oxidation is dominated
by surface or phase boundary processes.
Parabolic oxidation is tvpically observed at
high temperatures and indicates that a thermal
diffusion process is rate-determining.

Mass transport in polycrystalline materials may
be dominated by either bulk ditfusion or by
diffusion along grain boundaries and other
short-circuit paths of low resistance. The
activation energy for grain boundary diffusion
is typically 0.5 to 0.67 that for lattice
diffusion, and Dgb/D] = 105. However,
short-circuit diffusion only becomes significant
at homologous temperatures below 0.6Tmp
[7]. Application of this rule-of-thumb to
polycrystalline Al1203 and TiO? scales
suggests that short-circuit mechanisms may
become significant below 1120°C and 920°C
respectively.

TizAl, TiAl: A number of studies have been
conducted to determine the oxidation
properties of titanium aluminides[8-21]. Their
oxidation behavior has been shown to be
composition dependent. Protective A1203
oxide scales are reported to form only when
the Al content of TiAl exceeds 57% [19].
Mckee and Huang [11] also examined the
cyclic oxidation behavior of Ti-Al-X-Y alloys
at temperatures between 850-900°C.
Oxidation resistance was found to increase
with aluminum content and with the additions
of Nb and W, as well as with Cr additions of
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greater than 8%. This oxidation response was
explained in terms of reduced Ti activity.

Al3Ti: The oxidation response of cast Al3Ti
has been examined by Smialek and Humphrey
[15]. They observed parabolic oxidation,
controlled by a-A1203 formation, at
temperatures greater than 1000°C.
Anomalously high oxidation rates were
observed at short times at temperatures below
1000°C. This was explained in terms of the
internal oxidation of aluminum which had
partitioned during solidification. The use of
titanium trialuminide coatirgs for gamma and
alpha-two titanium aluminides was studied by
Subrahmanyam [13,14]. AI3Ti coatings on
Ti-14A1-24Nb decreased cyclic oxidation
weight gains by at least a factor of 10. Work
by Umakoshi, et al [12], and Hirukawa, et al,
[18] showed that the oxidation rate of bulk
Al3Ti is lower than that of bulk TiAl by at
least a factor of 30 at 1000°C.

The greater oxidation resistance of AI3Ti
compared to the lower aluminides is due in
part to the tendency for aluminum to oxidize
internally in the lower aluminides.[21]

Wagner has theorized that the aluminum
content of the aluminide must exceed a certain
critical value, NAICrit, in order to prevent this
internal oxidation [20,21,22]. Perkins, et al,
[21] have found this value to be about 59% for
TiAl.

The excellent oxidation resistance of Al3Ti is
also attributable in part to the nature of the
Ti02/A1203 oxide layer which forms. Al203
forms a dense, protective layer, which serves
as a diffusion barrier against further oxidation.
TiO?2, on the other hand, forms a porous layer
of crystals which is only partially protective,
and tends to spall. TiQ? also has a higher
diffusivity to oxygen than does AI203.

2. EXPERIMENTAL PROCEDURE
2.1. Materials and Materials Processing

Three different alloys were examined in this
study, covering a range of compositions (see
the Al-Ti phase diagram, Figure 1). These
were a two-phase alloy containing Ti3Al and
TiAl, single-phase y-TiAl, and Al3Ti which
ideally was also single phase. The
compositions of these alloys are summarized in
Table 1. The two-phase TiAl/Ti3Al material
was obtained from Martin Marietta

Laboratories, Baltimore, MD. Oxidation
specimens were cut using a water-cooled
diamond wafering saw. The preparation of y-
TiAl and Al3Ti was accomplished at the
NAWC using a Marko Materials Model 2T
Melt Spinner. Castings, weighing 0.25 to
0.35 kg, were prepared in a water cooled
copper hearth by arc melting. Oxidation
specimens designated "as cast" were cut from
these ingots by wire EDM. "HIPed"
specimens were cut from arc-cast ingots after
HIP consolidation.

2.2. Oxidation Tests

1) TiAl/TizAl. Oxidation tests were
conducted 1n air under isothermal conditions,
at temperatures ranging from 400° to 1500°C
and test times from 4 to 40 hours. Each
specimen was weighed before and after
exposure in order to determine the weight
change due to oxidation. Surface oxide phases
were identified using standard x-ray diffraction
techniques.

2) ¥v-TiAl and Al3Ti. Cyclic oxidation tests
were performed on these alloys in order to
determine the effects of rapid thermal cycling
on the oxidation properties. Cycles consisted
of a rapid heat-up (500°C/min) to temperalure,
a 55 minute hold at temperature, and a rapid
cool-down outside the furnace for 5 minutes,
and each test consisted of 144 or more cycles.
An ATS 3310 furnace was used for the tests;
an apparatus designed and constructed by the
authors was employed to move the specimen in
and out of the furnace. Oxidation tests were
performed on both alloys in both the as-cast
and the HIPed conditions at 900°C and
1100°C in air. Weight gains were measured at
increasing intervals using a Sartorius
microbalance having a precision of +0.01 mg.

Isothermal oxidation tests were performed on
these two alloys to determine their oxidation
kinetics at constant temperature in air. Tests
were performed on both the as-cast and the
HIPed materials at 900°C, 1000°C, and
1100°C. Isothermal tests were conducted in a
CM Rapid Temp furnace. Specimen weight
was measured to +0.01 mg every 24 hours for
a period of 144 to 196 hours.

Compositional changes in the alloys and
oxidation products were identified using
scanning electron microscopy (SEM) and x-ray
diffraction. A Rigaku DMAX-B unit with a
/20 goniometer and an operating voltage of




40 kV was used for x-ray diffraction analysis.
For the SEM study, an Amray 1000B was used
at an accelerating voltage of 15-20 kV. The
SEM was equipped with a Kevex Model 8000
EDS with an ultra-thin aluminum/parylene
window.

3. RESULTS
3.1. TiAVTi3Al

Above 1000°C, oxide products formed a thick
white scale that tended to spall. Considerable
internal cracking was also evident after
exposure above 1000°C. This cracking
occurred along the TiAl/Ti3Al phase
boundaries. Weight gain at all temperatures is
approximately parabolic.

3.2. ¥TiAl

Cyclic: The cyclic oxidation weight gains for
this alloy are shown in Figure 2a. Weight
gain is linear at both 900° and 1100°C. At
900°C the weight gain is about 0.3
mg/cm2/hr, while that at 1100°C is about 2.6
mg/cm2/hr. At both temperatures, large
volumes of yellow and white oxides were
produced, which flaked off during each cool-
down cycle.

Isothermal: Oxidation weight gain of this
alloy under isothermal conditions is shown in
Figure 2b. At both 900° and 1100°C, the
weight gain appears to be parabolic, in contrast
to the alloy's linear oxidation under cyclic
conditions. The oxide product is thick,

yellow, and adherent, and essentially free of
visible cracks. Some cracking and spalling did
occur, however, upon cooling to ambient
temperature.

3.3. ARTi

Cyclic: Cyclic weight gains for this alloy are
shown in Figure 3a. At 1100°C, weight gain
is initially parabolic, but overall is in between
linear and parabolic. Average weight gain
over 206 hours is 0.04 mg/cm2/hr, or about
1/60 that for TiAl. At both temperatures, the
oxide product is pale gray and powdery, and
non-uniformly distributed.

Isothermal: Isothermal weight gains for this
alloy are shown in Figure 3b. As in cyclic
oxidation, weight gains are very low,
averaging about 0.06 mg/cm2/hr over 168
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hours, and are between linear and parabolic.
The appearance of the oxide product is similar
to that in the cyclic tests.

3.4. Effects of HIPing on Oxidation: The
purpose of HIPing the cast y-TiAl and Al3Ti
alloys was to reduce the level of porosity and
micro-cracking present, which are believed to
promote enhanced oxidation. HIPing was
therefore expected to decrease oxidation
weight gains as compared to the as-cast
condition. Although in general HIPing
appeared to reduce oxidation rate constants,
the as-cast specimens revealed a wide variation
in surface quality and porosity, and this
appears to have affected the oxidation
properties much more than the changes
produced by subsequent HIPing. The
effectiveness of HIPing to reduce surface
oxidation is therefore unclear.

4. DISCUSSION OF RESULTS

In analyzing the oxidation properties of these
materials, oxidation is assumed to proceed
according to the equation:

Wi =kt + C (1)

where W is the weight gain per unit area after
time t, and k is the rate constant. The units
for k are (mg/cm2)n/sec. The n-exponent
depends upon the mechanism which controls
the oxidation rate; n=1 represents linear or
interface-controlled oxidation, n=2 is
parabolic or diffusion-limited oxidation, and 3
represents some form of exponential behavior,
such as oxidation controlled by grain-boundary
diffusion.

The oxidation of these materials was assumed
to follow an Arrhenius-type temperature
dependence, wherein

k = A exp(-Q/RT) (2)

where A is a constant and Q is the activation
energy for the rate-controlling process. By
plotting In(k) as a function of 1/T , a straight
line whose slope is (-Q/R) is obtained.

4.1. TiAVTi3zAl

The oxide layer formed at 1000°C and above
was found to consist of a thin inner layer of
TiO2 + AI203, and an outer layer of TiO2 +
AI2TiO5. This was not quite in agreement
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with the findings of Choudhury [9] and
Mendiratta [10], who detected only TiO? in
the outer layer. At 1100°C and higher,
internal oxidation occurred. Aluminum
oxidized selectively within the TiAl phase,
forming parallel plates of Al203, while
titanium oxidized within the Ti3Al phase to
form TiO? in a fine structure resembling
fingerprints.

Parabolic rate constants (k) were calculated
from weight gain per unit time at each
temperature. Figure 4 is an Arrhenius plot
showing ky, as a function of 1/T. From the
slope of the resulting line, the activation
energy for oxidation was found to be about 63
kcal/mole, which is approximately the same as
that for bulk diffusion of oxygen through
TiO2. The activation energies for all three
alloys tested are listed in Table 4, along with
the likely rate-controlling mechanism.

4.2. +TiAl

Experiments by Meier, Perkins, et al [20]
indicate that Al-Ti compounds containing less
than 59 atomic % (45 weight percent)
aluminum do not form a continuous AI203
scale, but rather a mixed Al203/TiO2 layer
under an initial layer of almost pure Ti02.
This was found to be the case in these
experiments on near-stoichiometric TiAl, as
well.

Cyclic Oxidation: As can be seen from Figure
22, the cyclic oxidation behavior of TiAl is
linear. During the hot portion of the cycle, the
oxide formed is more or less adherent.
However, upon cooling, it becomes detached
and peels away due to the thermal expansion
coefficient mismatch between the oxide and
the TiAl, exposing the underlying TiAl to the
next hot cycle. The SEM image in Figure 5
suggests that oxidation occurs through the
selective oxidation of aluminum within the
TiAl. This alumina formation depletes the
surrounding TiAl of aluminum, eventually
raising the activity of titanium high enough
that the formation of TiQ?2 becomes
thermodynamically favorable.

Table 2 shows the calculated linear rate
constants for the cyclic specimens at 900° and
1100°C. Although tests were conducted at
only two temperatures, the In(k) versus 1/T
plot in Figure 6 suggests an activation energy
of about 34 cal/mol. This is about 57% of the
activation energy for bulk diffusion of oxygen

through TiO?2, and also very close to the
activation energy for grain boundary diffusion
in A1203 (32 kcal/mol), suggesting that short-
circuit diffusion may control oxide formation
during the hot portion of the cycle. Parabolic
behavior is not observed, however, due to the
complete spallation of the oxide during each
cooldown cycle.

Isothermal Oxidation: The isothermal
oxidation behavior of TiAl differs from the
cyclic behavior in that the oxide layer does not
peel away, because no thermal cycling occurs.
Therefore the oxide remains essentially
adherent, and continues to grow in thickness as
long as the specimen remains at temperature.
The outer oxide layer is shown in the SEM
image in Figure 7 to consist of islands of
Al203 in a porous matrix of TiO2. The
outermost layer of the oxide is predominantly
Ti02, while thin layers within the oxide are
either alumina-rich or titania-rich. These
regions are believed to correspond to transient
oxidation which occurred during the heat-up
and cool-down cycles when the specimen was
removed from the furnace for weighing.

Even with the adherent oxide, there is
evidence of internal oxidation of aluminum at
all test temperatures. At 900° and 1000°C,
the internally oxidized zone consists ¢f a iwo-
phase outer region at:out i0 um thick,
consisting of plates of AI203 in aluminum-
depleted TiAl, and a single-phase region
underneath which was also found to be
aluminum-deficient compared to the TiAl in
unaffected areas. This lower layer may be
Ti3Al or simply titanium-rich TiAl. At
1100°C, the internal oxidation zone consists of
a two-phase outer layer containing A1203 and
a severely Al-depleted phase, and an inner
two-phase layer in which the aluminum is
depleted to a lesser degree (see Figure 5). The
overall thickness of the zone is nearly 100 um.
The A1203 in the outer layer appears to form
on preferred crystallographic planes within
each TiAl grain.

It appears that the oxidation of TiAl begins
with a brief initial transient period in which
TiO? is the major product. Thereafter,
oxidation proceeds via internal oxidation of
aluminum, forming plates of AI203 in an
increasingly aluminum-poor matrix.
Meanwhile, this matrix is consumed from the
outer surface inward; this explains the
observed oxide morphology. The rate of
titanium consumption is controlled by the rate




of Al1203 formation, in that the formation of
alumina eventually raises the activity of
titanium in the TiAl to the point where TiO2
formation becomes favorable. The exponential
behavior observed over a range of test times,
however, indicates that the overall oxidation
rate is controlled not by Al203 formation, but
by the inward diffusion of oxygen through the
oxide. This is supported by Figure 6, which
shows the activation energy for oxidation to be
about 28.8 kcal/mol (just under half the
activation energy for bulk diffusion of oxygen
through Ti02) based on linear kinetics, or 57
kcal/mol based on parabolic kinetics. The rate
of isothermal oxidation therefore appears to be
controlled by some combination of short-
circuit and bulk diffusion through TiO2, with
the latter expected to be dominant above
920°C. Note that the true behavior is roughly
parabolic, but measuring the weight gains at
successive intervals required the use of
multiple specimens, so parabolic rate constants
could only be estimated by assuming C in
Equation | to be zero. Both linear and
parabolic constants are shown in Table 2.

4.3. Al3Ti

Al3Ti has been noted by previous researchers
tor its ability to form a continuous AI203
coating, which acts as a barrier to the diffusion
of oxygen and aluminum ions. Oxidation
weight gains are therefore typically assumed to
follow the parabolic form of Equation 1. The
oxidation behavior of Al3Ti appears to be
strongly influenced by both its chemistry and
the surface quality of the specimens.
Thermodynamically, A1203 is expected to
form preferentially to TiO2; however, since
AIl3Ti is ideally a line compound, the
preferential formation of A1203 results in the
formation of lower aluminides which are less
oxidation resistant than Al3Ti. The oxidation
of Al13Ti was therefore expected to proceed
according to the reaction:

4 AI3Ti + 1302 = 6 A1203 + 4 TiO2 (3)

SEM/EDS examination suggests that TiO? is
not present in significant amounts in the
A1203 coating, and therefore may not
contribute to diffusion processes. The lack of
TiO2 in the oxide may be a result of
preferential AI203 formation, due to the
reduced oxygen partial pressure at the
oxidizing surface, once an Al203 layer has
been established.

. OO
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Cyclic Oxidation: When the cyclic oxidation
data in Figure 3a is plotted as weight gain per
unit area versus (time)!/2, the slope of a
straight line drawn through the data points is
then equal to the parabolic rate constant kp. It
was found that the slope is not constant in
some cases, but rather aecreases with
increasing time. This suggests that ecither the
rate constant decreases with time or the n-
exponent in Equation 1 is actually greater than
2. The latter possibility is discussed in detail
in Reference [23]. For these calculations, the
former case is assumed, and kp valucs are
calculated based on the longer test times.
These values are shown in Table 3. For cyclic
oxidation, the activation energy Q was tfound
to be about 35 kcal/mol (Figure 8), which is
very close to the activation energy for short-
circuit (grain boundary) diffusion of oxygen in
Al203 or TiO2. However, by differentiating
Equation 1 with respect to time and converting
the rate of weight gain into an inward flux of
oxygen, it can be shown that the observed
oxidation rate is much too high to be explained
by even grain boundary diffusion. This
calculation appears in a previous paper by the
authors, and can be found in Reterence [23].
It may be that the cyclic oxidation rate of
Al3Ti is controlled by the inward diffusion of
molecular oxygen through cracks in the oxide
layer, rather than lattice or short-circuit
diffusion.

Isothermal Oxidation: Parabolic rate constants
were determined for these tests in the same
manner as for the cyclic tests. These kp values
are shown in Table 3. The rate constants for
isothermal oxidation are slightly lower at
900°C than in cyclic oxidation, but somewhat
higher at 1100°C. There is also a knee in the
isothermal data at 1000°C, as can be seen in
Figure 8, indicating a possible change in
transport mechanism around that temperature.
Below 1000°C, the activation cnergy is close
to the value expected for grain boundary
diffusion in AI203, while above 1000°C it is
close to that for bulk diffusion in alumina.

The observed oxidation rates, however, are
still much higher than those predicted tfor
diffusion control.

A partial explanation for the unusually high
oxidation rates and rate constants in this
material was found by comparing the oxide
thickness inferred from weight gain with the
actual thickness as measured from SEM
images. The weight gain after 168 hours at
1100°C suggests that the thickness of the oxide
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should be 37 um. However, micrographs
clearly show that the outer oxide is only 4 um
thick. The remaining 90% of the weight gain
was found to be the result of the internal
oxidation of a second phase, which was
identified previously as a-Al, and which
constitutes 2.1 volume percent of the material.
[24] If it is assumed that this phase oxidizes
completely, the remainder of the observed
weight gain is just enough to form a surface
layer 3.7 um thick. Similarly, the oxide
coating after 24 hours at 1000°C was about
2um thick, suggesting that about 22% of the
second phase has oxidized.

Despite the large amount of internal second-
phase oxidation, however, the oxidation rates
are still much too high to be controlled by a
bulk diffusion mechanism. If the assumption
of parabolic behavior is retained, the
discrepancy might again be due to the
imperfect structure of the oxide, as was
suggested previously.

SEM micrographs show that the Al3Ti
specimens contained considerable
interconnected porosity, with a very rough and
uneven surface. The latter would tend to
hinder the formation of a continuous,
protective oxide layer, while the former would
allow molecular oxygen to get into the
specimen, exposing to oxidation a total surface
area which is probably much greater than the
"ideal" surface area calculated from the
dimensions of the specimen. In addition, the
porosity exposes the 2.1% o Al phase to rapid
internal oxidation, particularly at the higher
temperatures. The total weight gain is
therefore the sum of the internal weight gain
and external scale formation, with the internal
oxidation dominating until either the aluminum
second phase is consumed or a truly protective
external scale can form.

5. CONCLUSIONS

1. All of the alloys examined form a mixed
oxide scale consisting primarily of Al203 and

TiO2.

2. Under identical conditions, TiAl oxidizes at
a rate two orders of magnitude faster than
AI3Ti.

3. Partitioning of excess aluminum during
solidification of Al3Ti resulted in internal
oxidation of the aluminum second phase. This

internal oxidation accounted for 90% of the
total weight gain.

4. The oxidation of TiAl/Ti3Al is roughly
parabolic at all temperatures, while the
oxidation behavior of TiAl is linear. The
oxidation behavior of Al3Ti was fit to
parabolic kinetic equations; however, the n
exponents were generally greater than 2.

5. The oxidation kinetics of A13Ti are
controlled by the short circuit diffusion of
molecular oxygen through cracks and
imperfections in the oxide scale.
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TABLE 1. Alloy Compositions (Wt.%)

Alloy Aluminum Titanium
TiAl+TizAl 32.4 66.8

v-TiAl 36 64

Al3Ti 62.8 37.2

TABLE 2. TiAl Oxidation Kinetics

Rate Constant, k
Temp.°C Condition Linear Parabolic
(mg/cm<hr) (mg2/cméhr)
Cyclic 900 As Cast 0.328
1100 As Cast 2.674
Isothermal 900 As Cast 0.795* 16.5
HIPed 0.852* 15.%
1000 As Cast 2.225* 19
HiPed 1.783* 76
i 1100 As Cast 1.961* 625
r HiPed 5.032° 678

* - Based upon the total weight gain after 24 hours

TABLE 3. Al3Ti Parabolic Oxidation Paramete s

Temp.°C Condition Rate Constant

kp (mg</cméhr)
Cyclic 900 As Cast 0.0052
1100 As Cast 0.3324
HIPed 0.0460

Isothermal 900 As Cast 0.0031 ]

HIPed 0.0014
1000 As Cast 0.0095
Hired 0.0086
1100 As Cast 0.8260
HI1Ped 0.2460




TABLE 4. Summary of Activation Energies (Q)
anc Rate-Controlling Mechanisms

Alloy (kcal/mole) Rate-C.ntrolling Mechanism
TizAl + TiAl 63 Bulk dif.usion thru TiOy
v-TiAl-Isothermal 59 Bulk diffusion thru TiQ»
1-TiAl-Cyclic 34 Short circuit diffusion thru TiO> or TiAl
AlTi-Isothermal 34-50 S.C. diffusion thru oxide (< 1000°C)

100 Bulk diffusion thru Al,Oq (> 1000°C) _4
Al3Ti-Cyclic 35 S.C. diffusion thru oxide

(Oxygen is assnmed to be the ditfusing species)
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Figure 7. Outer Oxide Layer Formed on y-TiAl at 11000C. Dark Plates are Alumina, Light
Regions are TiO3.
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METHODOLOGIES FOR THERMAL AND MECHANICAL TESTING OF TMC MATERIALS

George A. Hartman
Dennis J. Buchanan
The University of Dayton Research Institute
300 College Park
Dayton, Ohio 45469-0128
USA

SUMMARY

An overview of test techniques currently being used at the
Air Force Materials Directorate/MLLN laboratories for
elevated temperature testing of TMC materials is
presented. Methods for test system alignment/specimen
gripping, specimen heating, temperature measurement, and
displacement measurement arc discussed in detail. In
some cases, the interdependence of choices made in each
of these areas is also discussed. A description of a
complete system used to perform a variety of thermal and
mechanical tests on TMC materials is presented Sciected
results from tests using this system with TMC materials
are presented.

INTRODUCTION

Both suuctural and propulsion systems of hypersonic
vchicles require application of materials with relatively
low density, high modulus, and good elevated temperature
strength and endurance. Although traditional materials
are being considered. increasing emphasis is being placed
on developing new materials with the desired
characteristics. Continuous reinforced titanium matrix
composites (TMCs) have been identified as one class of
materials that have the potential to satisfy hypersonic
vehicle design requirements.

The process of evaluating the mechanical and thermal
behavior of TMC materials presents certain challenges.
For example, these materials are typically costly to
produce - at least in the development stage. Thus, it is
often necessary to limit specimen size so that the
maximum number of test results can be obtained from a
given supply of material. This reduced specimen size
may make it impossible to use conventional test
methodologies and thus, new methodologies appropriate
to TMCs may necd to be devcloped.

This paper addresses methodologies developed by
University of Dayton and Air Force researchers to address
four of the many issues that require special attention when
testing TMC materials. The four methodologies selected
for discussion include test system alignment/specimen
gripping, specimen heating, temperature measurement, and

displacement measurement. Each of these methodologies
are described in detail in the next section.

EXPERIMENTAL METHODOLOGIES
Test system alignment/specimen gripping

Most of the currently available TMC materials exhibit
limited du:tility. The ductility limit is sometimes due to
the inatrix material but more often is fixed by the failure
strain of the fibers. The most common fibers currently in
use are SiC fibers which exhibit failure strains less than
0.0lmmymm. This limited ductility means that accurate
test system alignment and specimen gripping methods are
required since it is not possible to rely on specimen
yielding early in the test to rectify any bending that may
initially be present.

Test system alignment and specimen gripping are, in
general, addressed as a single issue in mechanical test
systems. This is because the practical concerns involved
in developing methodologies to address the two issues are
tightly linked. Even so, the two issues have separate
requirements that must be independently considered to
achieve satisfactory results.

Methods of test system alignment for uniaxial testing

must address the following three requirements:

1 the three rotational degrees of freedom (DOF) of
each grip must be aligned at the point of contact
between the specimen and grip,

2 the two transverse translational DOF of each grip
must be aligned at the point of contact between
the specimen and grip, and

3 the remaining (axial) translational DOF must be
parallel to the axis of symmetry of the specimen
when the specimen is installed in the grips.

Figure | illustrates a grip system that meets these

requirements.

The requirements for specimen gripping vary with the
specimen geometry, however, for the purposes of this
discussion we will concentrate on flat-plate type
specimens since this is the most common form in which
TMCs are tested. For the flat plate geometry, the

Presented at an AGARD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix Composites, September 1993,
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Moving Grip
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Figure 1.

specimen gripping methodology must meet the following

requirements:

1 the grips must provide sufficient traction on the
specimen surfaces to prevent slipping under the
test loads,

2 the transverse clamping forces must not crush the
specimen or cause premature failure in the grip
region, and

3 a method must be available to ensure that the

longitudinal axis of symmeltry of the specimen is
parallel to the axial DOF of the grips as
discussed above.

The fixed-grip system developed in-house for use with
TMCs addresses these issues explicitly, i.e., direct
measurements or physical constraints are used to meet the
requirements. This is in contrast to methods which use
strain-gaged specimens in conjunction with elastic
material response relationships as an indicator of grip
misalignment. Although the latter method is commonly
used, it involves assumptions regarding specimen
symmetry and material homogeneity that the explicit
alignment method avoids. Figure 2 illustrates the steps
used in explicitly aligning the grip system.

As in many commercial grip systems, the transverse
forces used to clamp the specimen are adjusted by varying
the hydraulic pressure applied to the clamping cylinders.
To improve the traction between the grip inserts and the

Fixed Grip

Schematic of Grip System That Meets the Kinematic
Requirements for Unidirectional Alignment.

specimen, inserts may be coated with Surfalloy®. For
most TMCs tested in the Materials Directorate MLLN
laboratory, Surfalloy-coated inserts are not needed to
provide sufficient traction without crushing the specimen.

Alignment of the specimen in the grips is accomplished
by placing each end of the specimen a fixed distance from
the lateral edge of the grip using a depth gage.
Alignment in the out-of-plane direction is inherent in the
grip design due to the floating yokes and double-
cantilever grip body. The yokes ensure that equal forces
are applied to each of the grip arms and the use of a
monolithic grip body ensures that each cantilever arm
deflects an equal amount. In addition, the detlections are
kept to a minimum using inserts whose thickness is
chosen based on the specimen thickness. Specimens are
thus positioned within the grips using the same reference
surfaces that were initially used to align the grip system.
This method ensures that the axis of symmetry of the
specimen is parallel to the axial DOF of the grips. Direct
measurements of specimen misalignment yield an
effective tolerance of 0.0015rad for this system.

Figure 3 shows a typical bending strain check obtained
from one of the test stations utilizing the fixed-grip
system. As can be seen from the data, the bending strains
are less than 2% at an axial strain of 0.00025mm/mm.
The modulus values computed from strains taken from
each of the four specimen sides vary by less than 1.5%.




Upper Grip is Fixed to Load Cell
Lower Grip is Free to Move
Alignment Angles are Atached

Lower Grip is Fixed in Wood's Metal
Alignment Angles are Removed

5/4 < 0.001

Lower Grip is Translated
Dial Indicators are Used to Verify That
the Transiation is in the Grip Z-direction

Figure 2. Schematic of the Steps Used to Align the Grip System.

Specimen Heating

Since the candidate composite materials are intended for
use at elevated temperatures, it is essential that their
behavior be characterized at representative service
temperatures. Operating temperatures of over 800°C are
projected for some of the TMCs.

There are several challenges to overcome in heating TMC
specimens for the required mechanical tests. First, the
limited amount of material available for many emerging
TMCs and the desire to perform some tests in
compression dictate that specimens be as short as
possible. Second. tests requiring temperature cycling such
as strain-control thermomechanical fatigue (TMF) must be
performed. Third. the specimen is typically mounted
between two thermally massive grips.  Thus, it is
necessary to heat and cool a relatively short specimen as
rapidly as possible while maintaining a uniform spatial
temperature field in the specimen gage length. It is
generally not desirable to heat the grips along with the
specimen due to the large power input required and the
non-unitorm temperature distributions produced by the
large thermal mass of the grips relative to the specimen.

Induction heating has been successfully used in-house for
1sothermal testing, however, our experience indicates that
1t is very difficult to maintain uniform spatial temperature
gradients during thermal cycling. This is due to two
factors:

1 the inability of a single induction power
source to independently vary the energy
input to various points on the specimen
throughout the thermal cycle, and

2 the large test section aspect ratios
typical of MMC TMF tests.

The test section aspect ratio 1s defined as the ratio of gage
length to characteristic transverse dimension. For typical
wbular and cylindrical low-cycle fatigue (LCF) and
monolithic alloy TMF specimens, the test section aspect
ratios are less than 2 and single-zone controls like
induction heaters are appropriate.  Many of he TMC
TMF tests, however, are performed on specimens with
aspect rattos as large as 25. These large aspect ratios
make 1t especually difficult to  maintain  uniform
temperature fields because of reduced thermal conduction
paths between distant points on the specimen.

To meet these challenges. a multi-zone  quartz-lamp
heating system [1] ts being used that allows dynamic
adjustment of the energy input at up to four zones on the
specimen  Ulsing the specially designed reflector shown
in Figure 4, the lamp cnergy can be directed to localized
regions on the specimen.  Uniform spatial temperature
fields can be generated by controlling the temperature at
multiple points on the specimen using independent closed
loop controllers.  In a typical 360s thermal cycle trom
42510 815"C. temperature measurements showed less than
5°C gradient on the specimen. Temperatures as high as
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1500°C have been obtained using this unit. Higher
temperatures are possible by changiny the shape of the
reflector interior.

The in-house test systems are constructed in such a way
that the long axis of the specimen is horizontal. This aids
in reducing thermal gradients by restricting convection
heat transfer (the chimney effect) to the short transverse
axis of the specimen.

Specimen cooling, when necessary, is performed using
forced air jets to provide more cooling than necessary
during decreasing portions of the thermal cycle. The
multi-zone heating system is then used to provide make-
up heat as needed to maintain the desired thermal cycle.

Temperature Measurement

One of the disadvantages of multi-zone heating equipment
is that multiple temperature measurement devices must be
used to control the various zones. Thus, it is important to
find a robust and convenient way of monitoring
temperaturc  at sclected locations on the specimen.
Various methods were considered for the in-house
program, however, spot- welded thermocouples (TCs) were
found to be the most effective method.

There are several benefits to spot-welded TCs. First, the
intimate contact provided by direct welding avoids TC
bead radiation errors that can be significant in high
radiation environments suci as in the quartz-lamp heating

unit. Second, properly attached TCs stay in the same
location relative to the specimen, even under high
displacement conditions. Third, TCs can be accurately
located dn the specimen using spot-welding techniques.

A significant disadvantage to direct welded TCs is the
specimen damage associated with the welding process.
The relative importance of this damage depends on the
existing defects or damage in the (est article and the type
of data that will be collected during the test.

First, if the weld damage is small compared with the
existing defects or damage then the weld will have little
effect on the test results. Minimizing the weld damage
can be accomplished by using small diameter TC wire
and low weld energy. TC wires of 0.13mm diameter and
weld energies of 4-5J are used in-house to produce a
minimum of weld damage.

Second, if the type of data to be collected is not affected
by weld damage then spot-welded TCs may be
acceptable. For example, it is possible to perform low-
cycle fatigue tests using welded TCs provided that test
data is not required past the point where cracks begin to
form at the weld site. In this case, it may be possible to
obtain all of the necessary data before the weld damage
progresses to a significant degree.

In practice, spot welded TCs have rarely produced
premature failure of TMC specimens subjected to high-
cycle fatigue, tensile, TMF, or creep test conditions
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Figure 4. Specially Designed Quartz Lamp Refiectors.

during 1n-house tests. This experience has been obtained
from hundreds of tests under the various conditions. The
author speculates that the lack of weld damage eftfects on
specimen life 1s due to:

1 the extremely limited weld damage produced by
small TC wires and low weld energy. and

the relatively large existing damage in TMC
specimens due to exposed fiber ends. broken
internal fibers, and damage in the fiber-matrix
interface

t9

Displacement Measurement

Conventional elevated-temperature extensometers have
worked well on tests of monolithic materials under
conditions similar to those used with TMCs and, initially.
there seemed to be no compelling reason to switch to
another techmique.  The small size of many MMC
specimens, however, means the high contact force of
conventional elevated-temperature  extensometers  can
produce significant specimen damage in some situations.

When ang an clevated temperature extensometer in a
vertical system, the weight of the extensometer must be
counterbalanced by the same contact forces that press the
extensometer against the specimen (Figure $5).
Counterbalancing the weight of the extensometer is
accompl'shed by adjusting the angle of these contact
forces or the difference between the forces on cach rod.
This adjustment becomes increasingly difficult as the
magnttude of the contact forces are reduced.

This problem has been circumvented in the current progect
because. as described above. the longitudinal axis of the
specimen is horizontal in the test trame. Since the ngid
body translation of the extensometer will now be n a
horizontal direction, vertical forces at the extensometer
measurement head can be applhied to counterbalance the
weight of the extensometer independent of any rigid body
translation. Thus, the torces used to press the
extensometer against the specimen can he drastically
reduced since all these forces must do is maintain contact
between the points of the extensometer rods and the
specimen throughout the test. Contact torces as low as
ISg per rod have been successfully used in conjunction
with conventional elevated-temperature extensometers tor
TMC testing in the in-house systems

INTEGRATED SYSTEM

A number of TMC test systems incorporating  the
methodologies and components described in the preceding
sections have been assembled. Figure 6 is a photograph
of one of the systems with an MMC specimen in place.

The systems utilize standard servohydraulic controls and
actuators as well as commercial load cells with high
lateral stiftness.  Anti-rotation devices are fitted to the
hydraulic actuators to restrict rotation of the moving grip
about the loading axs.

Translation  stages are  provided to allow
positioning of the lamp heaters prior to testing.

precise
These
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Moments from the contact
forces and the weight force
are in the same plane and
are coupled.

Moments from the contact
forces and the weight force
are in orthogonal planes
and are decoupled.

Figure 5. Effect of Extensometer Orientation on Coupling of Contact and

Weight Forces.

stages also allow the lamps to be moved out of the way
for specimen loading and instrumentation.

A commercial pneumatic-to-hydraulic intensifier is used
to provide up to 70MPa pressure to the grip cylinders.
This translates to a maximum of approximately 45kN of
transverse force at the grip insert faces. This clamping
force, sometimes in conjunction with Surfalloy® coated
grip inserts, has proven to be sufficient for all of the
MMC testing performed in-house.

Mechanical waveform generation, thermal waveform
generation, data acquisition and analysis, and general test
control functions are performed by the Material Analysis
and Testing Environment (MATE) test automation system
(2.

TEST RESULTS

A large number of tests have been performed using the
systems described in this paper and it is inappropriate to
discuss here every type of test performed. Several
selected sets of data from different types of tests are
presented, however, to illustrate the flexibility of these
systems in testing MMC materials and the types of data
that can be obtained using them.

Isothermal Fatigue Crack Propagation Test Results

A number of fatigue crack propagation tests have been
performed under isothermal conditions on TMC materials
using the MMC test systems. Figure 7 shows the data
obtained from one of these tests on a modified single
edge tension (MSE(T)) geometry. This geometry is
equivalent to the ASTM SE(T) with the pin loading
condition replaced by a fixed displacement loading
condition. Appropriate compliance, DC electric potential,
and stress intensity equations were derived so that
automated methods could be used to control the test and
acquire the data. The purpose of this test was to study
the relationship between the compliance crack length, the
DCEP crack length, and the observed bridging of the
fracture surface by fibers.

Isothermal High-Cycle Fatigue Test Results

Figure 8 contains data from an isothermal fatigue test run
under nominally elastic conditions. Note that even though
nominally elastic conditions were used. the shapes of the
hysteresis loops indicate the accumulation of damage as
the test proceeds. Tests of this type are being used to
study the various damage mechanisms present and when
each becomes significant. In addition to the hysteresis
loop data, acoustic emission information is often gathered
from these tests to obtain additional information about the
damage mechanisms.
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1. SUMMARY

Titanium matrix composites (TMCs) are
currently being developed for high strength
and high stiffness applications with improved
elevated operating temperature behavior. In
order to provide guidelines for the
development of new TMCs with the desired
properties and to ensure reliable use, a
thorough understanding of material behavior
is required which necessitates the
development and use of appropriate
nondestructive evaluation (NDE) methods.
This work outlines the concurrent use of NDE
during composites development as well as
material behavior studies of TMCs. The paper
presents results based on various ultrasonic
techniques developed in the Materials
Directorate, Wright Laboratory of the US Air
Force for the evaluation of different aspects
of development and use of TMCs to tailor the
properties for a particular application.

During the design and development of fiber
reinforced TMCs, there is a need to design

1 On-site contracts, WL/MLLP (Contract No F33615-
89-C-5612 P. Karpur) and WL/MLLN (Contract No
F33615-91-C-5606 D. Stubbs), Materials Directorate,
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2 National Rescarch Council Associate

3 On-site contracts, WL/MLI.M , (Contract No
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and control the formation of the fiber-matrix
interphase so that the composites behave as
ner the material design criteria. As a result, it
is essential to understand how the fiber and
matrix interact. Furth.i, such a ‘designed
property’ approach is critical to both the cost
and the performance of these materials.
However, for any ‘designed property’
approach to be successful, it is imperative to
have a method of interface characterization
during the developmental stages of the
composite. There is also a need for a
nondestructive method of evalvating tne
microstructure of the matrix material so that
the processing parameters can be suitably
adjusted to obtain the desired failure behavior
due to the microstructurc of the titanium
alloy. Life prediction for TMCs has unique
needs for the understanding of failure
mechanisms and material behavior. In
particular, during the study of the clevated
temperature interfacial degradation in
environmentally cxposed titanium matrix
composites, it is essential to have a
nondestructive characterization tool to
monitor the initiation and progression of
internal damage of the composites. In
addition to the neceds discussed above, it is
essential to ensurc that the composite panels
that are to be tested are devoid of any
manufacturing problems suca as poor
consolidation, fiber swimming, voids, ctc.
Otherwise, the results of tests for life
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prediction will reflect the data scatter due to
manufacturing defects rather than only due to
the material prope.tics.

In this paper, we present a collection of
various methods of ultrasonic nondestructive
evaluation of TMCs uscful for applications
during material design, development, and life
prediction studies. First, a novel upproach for
the cvaluation of the elastic properties and
behavior of the tiber-matrix interface will be
provided by introducing a mechanical
parameter called the interfacial shear stiffness
cocfficient which can be measured using
ultrasonic shear wave reflectivity technique.
In addition, a Scanning Acoustic Microscopy
(SAM) method will be presented to clearly
demonstrate the ability for the monitoring of
the matrix cr. -king and the initiation, growth,
and accumuiation of interfacial degradation.
It will be shown that thc SAM can be
effectively used to delincate the impact of
stress, temperature, and duration of exposure
of the fiber-matrix interface in TMC test
specimens with different stress concentration
g.ometry that have been subjected to cyclical
mechanical loading with either isothermal
exposure to temperature, or superimposcd
cyclical thermal loading (in-phasc or out-of-
phuse with mechanical loading). Also,
methods of prescanning the samples for tiber
swimming, embedded manufacturing
anomalies, ete. will be discussed.  Finally
ultrasonic imaging of fiber breaks of a few
micrometers width in model composites will
be presented.

2. INTRODUCTION

The use of titanium matrix composites
(TMCs) as structural composites requires a
good characterization and cvaluation of
nascent composite systems in rescarch and
developmental stages. Such a need for the
characterization necessitates a concurrent
developmental approach involving several
ficlds of expertise so that it can bhe verified
{1]. Such multdisciplinary interactions make
it possible to cvaluate (a; the compatibility of
different types of matrix materials with
different types of fibers including the effect of
different types of fiher coating on the load
transfer between the matrix and the fiber, (b)
the effect of processing conditions such as
lemperature, pressure, environmental gases
uscd during fabrication, duration of
processing, ete., (¢ the suitability of the
overall mechanical properties for the intended
application, (d) the material behavior and life
prediction studies to evaluate failure modces

and life expectancy under use conditions, and
(¢) the quality of composite pancls bheing
made for the above studies.

A successful development and use of a new
class of materials such : TMCs require the
use of suitable nondestructive evaluation
(NDE) methods. However, nondestructive
cvaluation techniques have been historically
used only in organic matrix composites to
detect processing flaws, inherent defects, and
also in metallic materials for the detection of
damage such as cracks. A proper utilization
of the traditional NDE methods for a material
such as TMC requires suitable modifications
and adaptations of the existing NDE methods.
Techniques that have heen traditionally used
in a macroscopic or global level are visual,
ultrasonic C-scan, X-ray, ¢ddy current, dye
penetrants, acoustic cmission, and magnetic
particle inspection. In addition, a new trend in
the use of NDE for material characterization
is becoming more important and critical
during the developmental stages of a new
class of materials. Innovative ultrasonic
nondestructive methods for  property
cevaluation  and characterization  in
microscopic and locahzed levels can enhance
the composite development process.

The objective of this paper is to describe the
role ol ultrasonic nondestructive evaluation in
materials development for both innovative
methods  of  (local) micro-property
characterization and global quality assurance
so that the composite being designed can be
evaluated through various stages of
development Cuch as material selection, life
prediction, material bchavior, fracture
mechanics, cetc. The nondestructive methods
developed during the initial stages of (he
design of the composite system can also be
used after the development in order to: (a)
assure that the composite pancl is free of
defects while the designed properties are
being achiceved during production, and (b)
detect the degradation ot initial properties
because of use. The paper will first present
novel and innovative methods of ultrasonic
nondestructive characterization of TMCs
during the developmental stages o e
composites followed by a brief discussion on
modificd traditional techniques for global
inspection of TMCs.

). MICRO-PROPERTY EVALUATION
DURING THE DEVELOPMENT OF
TMCs

In order to design a composite with suitable
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properties for the intended application, the
development of the composite system should
progress from a global sense to a microscopic
approach. For example, during the initial
stage of design, materials will have to be
selected for optimum chemical compatibility
to avoid global problems such as warping,
corrosion, high temperature resistance, etc. In
the next stage of design, the composite
system will have to be evaluated for
macroscopic anomalics such as porosity, lack
of consolidation, fiber swimming, etc. Thus,
in this stage of development, there is a need
for optimization of the material processing
parameters. However, since the changes in
the processing parameters could introduce
global problems of warping, etc., there is a
necessity for iterative material selection and
processing parameter modulation until the
global and macroscopic design are achieved
to satisfaction.  The final step (with the
necessary  feed back) of composite
development would be the control of the local
properties such as the chemically formed
interphase region between the fiber and the
matrix materials. Nondestructive evaluation
can play a critical role in all the stages of the
development of a composite.

3.1 Ultrasonic Evaluation of Lack of
Consolidation

Materials such as TMCs which are based on
reactive matrices with high melting
temperatures are processed by solid state
diffusion bonding of matrix foils, powders or
sprayed deposits with reinforcements.  For
example, the processing of continuously
reinforced composites by the foil-fiber-foil
method typically involves diffusion bonding
of rolled matrix alloy foils with reinforcing
fibers in the form of woven mats with a cross
weave to hold the fibers in place. The foils
and the fiber mats are stacked alternately and
consolidated by vacuum hot pressing or hot
isostatic pressing. The processing conditions
are to be carefully sclected in order to achieve
complete consolidation and produce
acceptable composite material  While higher
temperatures and longer processing times
may cnable consolidation, they can promote
undesirable reactions at the fiber/matrix
interface and also cause high residual stresses
after the composite is cooled to ambient
temperature.  On the other hand, lower
processing temperatures can lead to fiber
damage as well as incomplete consolidation.

In practice, optimum processing conditions
are determined through preliminary diftusion
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bonding experiments using small samples.
The initial processing temperatures are
chosen on the basis of known flow
characteristics of the matrix alloy at different
temperatures  and  strain rates.  The
consolidation of these samples is checked by
metallographic examination of polished
sections. However, the use of metallography
alone is generally inadequate since
consolidation often occurs nonuniformly
within the sample. A normal incidence
longitudinal wave method has been used to
map the extent of poor consolidation between
the foils [2]. The technique is rapid, casy to
use and capable of detecting consolidation
problems as small as a few tens of microns.
The fact that the technique is nondestructive
makes it feasible to evaluate the integrity of
the samples so that they can be used for
further tests such as fragmentation, push-in,
push-out, etc. The detection of improper
consolidation is demonstrated in Figure 1
wherein a model titanium alloy based
composite (Ti-24Al-11Nb/SCS-6) fabricated
by the foil-fiber-foil approach is shown.

3.2 Ultrasonic Evaluation of Matrix
Microstructure

Conventional titanium alloys can be classified
as near alpha, alpha + beta or meta stable beta
compositions. A variety of microstructures
with different phase morphologies can be
obtained depending on the alloy composition
and processing conditions. All these alloy
classes have been investigated to develop
matrices for the fiber reinforced metallic
composites. For example, published work
includes composites based on the two-phase
alloy (Ti-6Al1-4V), the ncar alpha alloy (Ti-
1100), and the metastable beta alloys such as
Ti-15-3 and Timetal 21S. More recently,
there has been considerable interest in
compositions based on Ti alloys containing
much higher levels of aluminum and niobium
leading to the formation of ordered
intermetallic compounds based on alpha-2
and orthorhombic phases which appear to
provide improved mechanical properties and
oxidation resistance.

While different types of matrix
microstructures have been experimented for
the TMCs, existence of multiple types of
grain structure in the composite, especially
near the fiber-matrix interface region might
be undesirable for certain types of TMCs.
Also, changes in the microstructure of the
matrix from region to region of the sample




13-4

50 MHz Transducer

(mproper Consolidation

AN

Matrix

Figure 1 Ultrasonic Evaluation of Lack
of Consolidation. The image at the
bottom was obtained using a 50 MHz
focused transducer as shown on the top.

might introduce zones of stress concentration
resulting in reduced overall strength of the
composite system. Thus detection,
monitoring and control of the microstructure
of the composite matrix is essential to obtain
overall mechanical behavior of the composite.
Ultrasonic NDE provides an excellent tool to
detect the existence of anisotropy in the
matrix. Figure 2 demonstrates the application
wherein Figure 2 a is the image of a single
fiber embedded in finer homogeneous
equiaxed alpha + beta Ti-6Al-4V matrix
microstructure (morphology obtained from
metallography). Figure 2 b shows the image
when the matrix microstructure was coarser
plate-like alpha + beta morphology due to the
presence of interstitial impurities during the
processing of the composite. Similarly, the
ultrasonic image of three fiber embedded in
Ti-6Al1-4V matrix is shown in Figurc 2 ¢. The
matrix was consolidated at a temperature
slightly above beta-transus. Under
metallography, the matrix regions away from
the fibers show coarse alpha plates and
clongated beta phase while the matrix
adjacent to the fibers shows equiaxed alpha
plus beta structure which was stabilized by
carbon diffusion from the fiber.

Figure 2 (a) Image of Single Fiber
embedded in Homogenous Ti-6Al-4V
Matrix with fine equiaxed alpha+beta
microstructure. (b) Single Fiber Image in
Ti-6Al-4V Single Fiber. (¢) Ti-6-4 Three
Fibers.

3.3 Interface Analysis

The properties of a composite system are
dominated and determined by the properties
and the behavior of the interface between the
fiber and the matrix materials. It is at the
interface that the load transfer takes place and
the crack resistance exists. As a result, the
characterization of the interface is of great
interest to the researchers who are developing
the composite materials. Many investigators
have employed a number of experimental
techniques including fiber pull-out, fiber
push-out, and fiber fragmentation tests [3-7]
to characterize the interface. These techniques
are ‘destructive’ in nature. There are
nondestructive methods of interfacial analysis
being developed [8] to be used in conjunction
with the destructive tests as well as by
themselves [9-11] in a completely
nondestructive mode. The following sections
will outline three modes of ultrasonic NDE

wherein the first method will show the use of

ultrasound in conjunction with the fiber
fragmentation technique. The second method
will be a completely nondestructive method
of interface characterization using ultrasonic
shear wave back reflectivity technique (SBR).
The third method outlines an ultrasonic
*Scanning Acoustic Microscopy (SAM)’
technique to cvaluate the fiber-matrix
interfacial degradation {11} due to clevated
temperature effects.

3.3.1 Ultrasonic Imaging of Fiber
Fragmentation Samples

In the fiber fragmentation test, a composite
sample made of a single fiber embedded in a
ductile matrix is subjected to tensile loading
along the fiber axis. When the tensile stress,
which is transferred from the matrix to the
fiber by shear, exceeds the local fiber
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strength, the single {iber breaks successively
into smaller fragments until the fragments
become too short to enable further increase in
stress level. Using arguments based on shear
lag analysis, Kelly and Tyson [3] showed that
the critical length of fiber for load transfer,
L¢., is a function of the interfacial shear stress

according to the equauon

d
WTOrgL, W
(o

where T; is the shear stress, oy is the tensile

strength of the fiber of critical length and d is
the fiber diameter.

The Ti-6A1-4V/SCS-6 and Ti-14Al-
2INb/SCS-6 composite samples were
fabricated by diffuston bonding two matrix
alloy sheets with a single fiber between them.
The processing method consisted of vacuum
hot pressing at 9259C/5.5 MPa/30 min.
followed by hot isostatic pressing at
10109C/100 MPa/2 hr. The consolidated
samples were machined into 1.5 mm thick
sheet tensile specimens with 19.05mm x 6.35
mm gage sections. All samples were
examined by microfocus x-ray radiography to
ascertain proper alignment of fiber parallel to
the tensile specimen axis. Tensile tests were
conducted on a servohydraulic machine in
laboratory air at ambient temperature using a

nominal strain rate of 2 x 1074 s-1 for Ti-6Al-

4V/SCS-6 and 1 x 1074 5! for Ti-14Al-
21Nb/SCS-6 specimens. Subscquent to
ultrasonic imaging, metallographic
examination of the fiber fragments was
conducted by using optical microscopy and
SEM [8].

Tensile tested specimens for fragmentation
were ultrasonically imaged using a 25 MHz
focused transducer (0.25" dia, 0.5" focus) in
the pulse-echo mode. The ultrasonic wave
front was incident on the composite at an
angle of 240 (which is between the first and
the second critical angles). As a result,
vertically polarized shear waves were incident
on the interface between the fiber and the
matrix. Back-reflected ultrasound was gated
for imaging. Since the wave front was
incident at an angle, the received signal was
either low amplitude due to back-scattering
from the material texture or a very strong
amplitude due to the back-reflection from the
cylindrical fiber (when the wave front was
perpendicular to the fiber circumference). As
a result, the dynamic range of the image of
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the fiber was excellent. Also, the wave front
was slightly defocused (0.06") in to the fiber
interface. The recasoning for the defocus will
follow in a later section of this paper. Figure
2 shows the schematic of the shear wave
interrogation approach.

Angle of incidence

Water

pELULL article Oscillation

Figure 3 Ultrasonic Experiment Setup

Figure 4-a shows an example of the ‘before
loading’ image of a SCS-6 fiber embedded in
a type of Titanium Aluminide matrix (Ti-6Al-
4V). Figure 4-b shows the fiber after loading.
Since the average fiber size is about the same
as the diameter of the fiber, the interface has
successfully transferred the load to the fiber.

Figure 4-¢ shows a SCS-6 fiber embedded in
Ti-14Al1-21Nb matrix after loading. Since the
average fiber size is more than three times the
diameter of the fiber, the interface has not
efficiently transferred the load to the fiber. In
both the ‘after-test’ images, in addition to the
main breaks, we can also observe smaller
pieces due to secondary breaks. The presence
of such secondary pieces have been
corroborated by metallography (8, 12].

Figure 4 (a) Ultrasonic Image of an
untested single fiber sample. (b) Fiber
Fragmentation Image in Ti-6Al-4V
sample with SCS-6 Fiber. (¢) Fiber
Fragmentation Image in Ti-14Al-
21Nb (or Ti-24Al-11Nb by atomic %)
sample with SCS-6 Fiber.




3.3.2 Ultrasonic Shear Wave Back
Reflectivity Technique (SBR)

An ultrasonic back-reflectivity technique has
been developed [9, 10) to complement other
existing techniques for the characterization of
the interfacial behavior in fiber reinforced
model composites. These techniques may be:
(1) destructive: fiber "pull-out” and "push-
out” tests [13]; the "fiber fragmentation”
technique implemented by subjecting the
model composite to axial loading to induce
the fragmentation of the fiber and by
measuring the size of the fragments which
would be linked to the "interfacial load
transfer behavior” [3, 8, 12]; (2)
nondestructive: ultrasonic imaging of the
fiber fragmentation, in conjunction with
advanced signal processing techniques[14].

The ultrasonic characterization of the
interface is achieved by the analysis of the
back-reflected signal from the fiber-matrix
interface [9, 10]. The advantages of the
ultrasonic back-reflectivity technique are
several: (i) the method is completely
nondestructive and facilitates the use of the
same sample for the tests (fatigue and creep)
other than the interface analysis, (ii) the
technique can provide the distribution and
variation of the interfacial properties along
the length of the fiber thereby facilitating
better process control, and (iii) the interface
can be monitored for degradation and changes
during fatigue tests for life prediction.

The goal of this study was to develop a
theoretical model which will aid in the
determination of various experimental
parameters such as the frequency of
ultrasound and angle of incidence while
providing the vital relationship necessary to
interpret the future experimental results. The
theoretical model considers the reflection of
an ultrasonic wave front from a single fiber
embedded in a homogeneous isotropic matrix.

Figure 3 shows the geometry of the problem:
a plane wave exp[i (ot + x]zi)] is obliquely

incident at an angle 0 on a model
monofilament composite immersed in a fluid
and in a plane normal to the axis of the fiber.

For the development of the theoretical model,
the composite is simulated by an infinitely
extended plate consisting of an isotropic
matrix with an embedded cylindrical isotropic

and homogeneous fiber (which is justified at
the wavelength of interest - frequency <
50MHz). Further, since the ultrasonic beam is
assumed to be incident on the composite such
that the refracted wave is always normal to
the fiber circumference (back-reflection
interrogation technique), without the loss of
the generality, the cylindrical fiber can be
replaced with an infinitely extended
homogeneous isotropic layer of thickness
cqual to the diameter of the fiber. Although it
is relatively easy to model the fiber as a
cylinder and use the Bessel function response
of the cylinder, the present formulation of a
plate will not deviate substantially from the
reflected amplitude at the center of the main
lobe of the Bessel function (the center of the
main lobe of the Bessel function is the only
point of interest for this study because the
ultrasonic beam is normally incident to the
circumference of the cylindrical fiber).
Effects of attenuation and diffraction can also
be considered in the model if the matrix and
the fiber thicknesses are significant. However,
since the matrix is relatively thin
(approximately five times the wavelength) for
this application, the effect of attenuation and
diftraction are omitted here.

The interface between the matrix and the fiber
is modeled by: (i) assuming continuity of
normal and shear stresses and normal
displacements at the interface, and (ii) by
allowing the discontinuity of shear
displacements at the interface. It is assumed
that the wvibration is transmitted
instantancously from on¢ medium to the other
by weightless springs with an equivalent
rigidity of Ny, [GPa/um].

The interfacial stiffness coefficient, Ny, of the
matrix-fiber boundarics (upper and lower) can
be generally different around the
circumference, due to the fabrication
conditions or due to the use of different
material for each matrix plate. Thus, consider
two different coefficients Ny and Ny , one for
cach interface. Accordingly, the interface
conditions are:

{(cT}=0

(oP)=0 uP1=0

()

T
oT=N, (] o € =N, [ul]
where the superscripts P and T denote the
normal and tangential displacements/stresses
respectively; the square brackets denote the




jump of a function across the interface, and
the curly brackets denote the vectorial
resultant of stresses at the interface. The
linearity of equation (2) is based on the
assumption of small amplitudes of vibrations
which is justified for ultrasonic applications
wherein the amplitudes of displacements are
around a few Angstroms.

The back-reflection coefficients for the shear
interrogation is dependent on: )
- the properties of the matrix (density,

p2. longitudinal, c21,, and shear, c3§,

velocities)
- the properties of the fiber (density,

p3, longitudinal, c3,, and shear, c3g,

velocities)
- the diameter of the fiber (d")

- the angle of incidence (9)
- the frequency (f) of interrogation, and
- the interfacial stiffness coefficients

The stiffness coefficient is dependent on the
wave type because of the different
mechanism of stress transfer for
compressional or shear displacement waves
as discussed in earlier publications [9, 10].
Further details of this modeling and the
results can be obtained from these papers.

3.3.3 Scanning Acoustic Microscopy

Scanning Acoustic Microscope was
developed by Quate et al., [15] to image
integrated circuits. The most important
contrast phenomenon in a SAM is the
presence of Rayleigh waves which are
leaking toward the transducer and are very
sensitive to local mechanical properties of the
materials being evaluated. The generation and
propagation of the leaky Rayleigh waves are
modulated by the material propertics, thereby
making it feasible to image even very subtle
changes of the mechanical properties.

A SAM transducer is schematically shown in
Figure 5. The transducer has a piezoelectric
active element situated behind a delay line
made of silica crystal oriented such that the 1-
1-1 axis is parallel to the direction of sound
propagation. The thickness of the active
element is suitable to excite ultrasonic signals
with a nominal frequency of 50 MHz when an
electrical spike voltage is delivered to the
piezoelectric element. The silica delay has a
spherical acoustical concave lens (Fig. 5)
which is ground to an optical finish. The
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numerical aperture (NA - ratio of the diameter
of the lens to the focal distance) is 1.25 for
the transducer used for this study. An NA of
more than 1 or F number (focal
distance/diameter of the lens) less than 1 is
essential for the SAM technique to effectively
generate and receive surface waves in the
sample being imaged.

Actlve Plezoetectric Element

Transducer and Lens

Longitudinat Wa

Shear We Defocus

Solld Virtuel Foesl Point
Materist

Figure 5 Schematic of a Scanning
Acoustic Microscope Transducer

The principle of operation of a SAM
transducer is based on the production and
propagation of surface acoustic waves (SAW)
as a direct result of a combination of the high
curvature of the focusing lens of the
transducer and the defocus of the transducer
into the sample [15, 16]. The sensitivity of the
SAW signals to the surface and the
subsurface features depend on the degree of
defocus and has been well documented in the
literature as the V(z) curves [17]. The defocus
distance also has another important effect on
the SAW signal obtained by the SAM
transducer: the degree of defocus dictates
whether the SAW signal is well scparated
from the specular reflection or interfercs with
it. Thus, depending on the defocus, the SAM
technique can be used cither to map the
interference phenomenon in the first layer of
subsurface fibers or to map the surface and
subsurface fcatures (reflectors) in the sample.

The SAM was used in conjunction with
several on-going material behavior
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investigations [11, 18-20] to evaluate the
extent of damage accumulated during the
respective test procedures. Specimens were
removed during or after testing and evaluated
using the SAM. Thus, composite materials
composed of a range of different matrix
materials could be evaluated. All the samples
are titanium matrix composites reinforced
with a silicon-carbide based fiber,
commercially designated SCS-6, that has a
double pass carbon rich coating. The matrix
material was a Beta processed titanium alloy,
Ti-15Mo-3Nb-3Al1-0.2Si (weight percent).
The composites were manufactured using the
foil-fiber-foil process.

SAM Results

One benefit of the SAM is that it provides a
nondestructive indication of the extent of
interfacial damage. To demonstrate its utility,
a notch (hole) fatigue experiment was
periodically interrupted and the specimen
scanned using the SAM to evaluate the
development of damage during the life of the
specimen.  After each SAM evaluation, the
specimen was returned for further fatigue
cycling. The fatigue cycling was terminated
after the third interruption at 9.66 X 103
cycles. For this test, the composite consisted
of t a cross-ply lay-up of fibers in the [0/90]s
configuration. Prior to testing, a SAM image
was made of the specimen to establish the
initial integrity of the material. The pre-
testing image is shown in Fig. 6a and shows
no damage to the interfaces prior to testing.
After the initial scan, the specimen was
isothermally fatigued at 650°C with a
maximum remote stress of 2(00) MPa applied
at | Hz along the fibers with reference to the
image in Fig. 6a. The fatigue test was
stopped after 1.54 X 102 cycles or
approximately 43 hours at temperature. The
specimen was removed from testing and
imaged using the SAM. The resulting image
is shown in Fig 6b. In this figure, the damage
(as indicated by the high contrast rcgions)
originates at the top and bottom of the hole
and procecds away from the hole along the
fibers. The shorter crack on one side of the
hole is only beginning to develop an affected
zone and is barely visible in the ultrasonic
image although the crack extends about three
fiber diameters at the surface. Figure 6¢ is
the SAM image after an additional 9.66 X

104 cycles were applied for a total of 2.51 X
105 cycles and total time of 70 hours at
temperature. In this figure, the cracks on
each side of the hole can be clearly seen. To

substantiate the indications made by the
SAM, the outer layer of matrix material was
etched away using a saturated solution of
tartaric acid in 10% bromine in methanol.
Metallography showed excellent correlation
with the SAM images [11]. Further details
can be obtained from the literature [11].

Sample

Ut b ol T acgat
tfere T Pate. o Dot
(9908 Crnfigurat.on

Figure 5 b. SAM Image of the Sample after
the first interruption.

04
650C

Figure 5 ¢. SAM Image of the Sample after
the third and final interruption.

4. GLOBAL NONDESTRUCTIVE
EVALUATION OF TMCs

A modified through-transmission reflection
plate inspection technique can be effectively
used to evaluate the TMCs. In this technique,
onc ultrasonic transducer is used to send
ultrasound into and through the specimen.




The ultrasound transmitted through the
specimen reflects off a glass reflector plate
and travels back through the TMC specimen.
Ultrasonic energy reflected back through the
specimen is received by the transducer and
detected by the ultrasonic instrument. The
reflector plate technique is very sensitive to
any change in material acoustic impedance
which is a function of the Young’s modulus,
density, and Poisson’s ratio. Hence the
technique provides a map of variations in
material integrity. Consequently, areas of
reduced transmission should have some
correlation with damage in the composite.
Also, since the amplitude data that is recorded
comes from ultrasound that has passed
through the material twice, the technique is
very sensitive to changes in acoustic
impedance.

A technique capability assessment was
conducted in the Materials Directorate [21] to
evaluate the correlation between NDE data
and specific tensile and fatigue properties in a
titanium matrix composite. The ultimate goal
was to use the NDE techniques to
quantitatively assess the integrity of MMCs.
The titanium matrix composite used for the
study consisted of silicon carbide (SCS-6)
fibers in a Ti-15Mo-2.6Nb-3A1-0.2Si matrix
(designated Timetal 218S). The fiber diameter
is nominally 0.142 mm. All specimens were
fabricated using the foil-fiber-foil technique
and hot isostatic processing. None of the
specimens had any type of coating.

A horizontal fatigue test frame incorporating
a pneumatic ram was used for applying cyclic
loads to the test specimens. A 20 kN load cell
was used and loads were controlled to within
0.1 kN (typically 1 MPa for these specimens).
Specimens were positioned horizontally in
precisely aligned, hydraulically actuated,
rigid grips [22]). Gripping pressure was 60
MPa. The applied load cycle was controlled
by a PC using control software developed by
the University of Dayton [23]. Strain data
was acquired using high temperature
extensometers with 110 mm long quartz rods.
Typical displacement resolutions were (0.0004
mm.

A TMF test was developed that combined
both in-phase and out-of-phase TMF tests
into one compound cycle [21]. The cycle is
shown in Figure 6. The total cycle time was
360 seconds for the specimens tested. In
actual testing the temperature was ramped
from 150 °C to 638 °C in the first 90 seconds
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of the cycle. During the second 90 seconds
the temperature was ramped to the maximum
temperature of 650 °C. Ramping the
temperature set points during the second 90
seconds resulted in the "isothermal” portion
of the cycle where the actual specimen
temperature was maintaincd between 640 and
650 °C and assisted in maintaining a proper
phase relationship with the load profile.

Reflector plate scans of all of the specimens
were obtained before the fatigue tests Low
ultrasonic transmission could result from
voids, delaminations, or fractured fiber
groups sufficient to scatter ultrasound. With
the motivation to quantify the NDE resuits, a
simple "damage assessment" parameler was
constructed to quantify the ultrasonic data
using the principle that the amount of
ultrasonic attenuation is related to the degree
of disorder within the specimen.
Additionally, in the direction perpendicular to

the axis of mechanical loading, it
Stress
————— Temperature
650C - T Max

Temperature C
8§

,L\‘ t- Min.

160 € T 1s0c

Time (s)

Figure 6 Load and temperature profiles
during the thermomechanical fatigue tests.

seems reasonable to assume that there is an
inverse relationship between the extent of the
disorder and the strength and/or fatigue life of
the composite. Finally, since the cyclic stress
on the fibers is highest in the region of
highest temperature, where oxidation and
cracking of the matrix are more likely to
occur, the abnormalities within the heated
portion of the specimen should dominate
failure. Thus only the NDE indications from
the heated region, £15 mm from the center,
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Table 1 Data Showing the Dependence of Percent Life as a Function of Damage Parameter

Specimen Ply Test Ultrasonic UT-detected Damage % UTS or %
# Config. Type Attenuation defect length Parameter Life
(dB) (1/width)
91-379 [0/90]>g Tension 8.5 0.1/09 7.2 73%
91-366 [0/90)g Tension 6/12/18 03/02/05 13.2 40%
91-361 (050]2g Tension 85/14 0.25/0.65 11.1 39%
91-367 [0/90]5¢ Tension 20 1 20 13%
91-380 {09015 TMF 18/12 0.2/0.2 6 80%
91-368 {09055 TMF 18/12 0.17/0.17 5.1 32%
91-358 [090]>¢ TMF 85 0.55 4.6 26%
91-360 [0M90],g TMF 9.5/13.6 0.5/0.5 116 16%
92-098 [0/90]g TMF 0 0 0 100%
92-099 [0/90]g TMF 25 0.25 0.6 91%
92-100 (0/90]g TMF 33 1 33 89%
92-126 (0/90]g TMF 7 1 7 45%
92-127 [O/‘)O]S TMF 716 0.35/0.65 6.4 50%

were analyzed. A simple damage parameter
was developed [21]:

DP=UTA-& (1
w

where DP = Damage parameter, UTA =
Ultrasonic attenuation, DL. = Defect length,
and W = Specimen width. Applying this
algorithm to the ultrasonically detected
abnormalities in the heated portion of the
specimens produced the data shown in Table
1. From the table, it is apparent that This
technique, when properly calibrated, can be a
useful tool for screening advanced metal
matrix composites, thus preventing the use of
defective material in mechanical property
evaluations. Further details can be found in
the literature [21].

5. CONCLUSIONS

Ultrasonic evaluation of TMCs is an integral
part of the developmental process of the
composite systems. Ultrasound can be an
effective tool during all the phases of
development. For example, proper
consolidation can be verified while ensuring
the formation of suitable microstructure of the
matrix material. Also, the elastic behavior of
the interface between the matrix and the fiber
can be quantified using ultrasound. Acoustic
microscopy can be effective to evaluate the
interfacial degradation due to the exposure to

elevated temperatures and load. Global
ultrasonic nondestructive e¢valuation is
essential to either reject samples with poor
initial properties or to determine their
remaining life due to the extent of
manufacturing defects.
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1 SUMMARY

The paper presents the results of a
limited test programme to establish the
mechanical behaviour of titanium Metal

Matrix Composite {MMC) laboratory
specimens under tensile, Low Cycle
Fatigue (LCF) and creep loading
conditions at 600°C. Using a

micromechanical model, finite element
stress analyses have been undertaken to
evaluate local stresses under the
various loading <conditions. Good
agreement was obtained only after the
inclusion of procedures to calculate the
residual stresses induced in cooling
from the composite consolidation
temperature to the test temperature.

Additionally, as part of a collaborative
component evaluation study, model discs
manufactured by Rolls-Royce plc have
been subjected to spin testing. These
LCF results have been correlated via a
macromechanical model which accounts for
the orthotropic behaviour of the MMC
reinforced region of the disc.

2 INTRODUCTION

Advanced aeroengine gas turbine designs
require lighter and stronger materials
capable of operating at temperatures
above those experienced in current
engines and beyond the capabilities of
existing titanium and nickel
superalloys. MMC's offer the design
engineer the potential of stiffer,
lighter materials capable of operating
above the temperature limits of existing

materials and hence provide the
opportunity for radical innovative
designs. Oof all the identified
aerocengine applications for MMC’s, the
components showing the greatest

potential benefit are the compressor and

turbine discs. In such components,
material added outside the disc free
hoop radius, although it may reduce

local stresses in the rim or the blade,
is not self supporting. Consequently
inertia forces rise and the overall
loadings increase. The conventional

solution to this is to enlarge the cob
region thus increasing overall disc
weight. Design studies based on the use
of MMC materials show that when a whole
engine stage is replaced in MMC, weight
reductions well in excess of 50% may be
possible. Published design studies by
Pratt & Whitney' indicate that rotor
speeds in such components can Dbe
increased by wup to 10%, gas path
temperatures by up to 130 K and rotor
weight reduced by up to 60% relative to
current designs. In these designs, the
large cross sections of conventional
disc designs with their thick rims, long
diaphragms and bulky cob regions are
replaced by simple ring cross sections
which incorporate circumferentially
orientated silicon carbide fibres for
reinforcement.

In addition to their potential in disc
applications, the higher specific moduli
of composite materials offer advantages
for other lightweight component designs.
The increased stiffness of reinforced
titanium alloys is arousing interest in
future large fan/aerofoil designs. The
lower coefficient of expansion
introduced by the fibres should also
enable the improved maintenance of blade
tip clearances and hence should lead to
improved in-service efficiencies. Other
possible uses include main engine and
auxiliary power take-off shafts. These
options offer significant benefits for

overall improved performance.
Nevertheless before they can be
successfully introduced, considerable

work still has to be done to ensure
quality assurance, component integrity
and to develop effective lifing
methodologies.

3 METAL MATRIX COMPOSITE MATERIALS
MMC's may be manufactured by the fibre-

foil route in which layered sequences of
titanium alloy foil and silicon carbide

fibres are consolidated via hot
isostatic pressinyg. In this procedure
significant debulking can occur and

hence there is considerable scope for
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fibre movement. Various proprietary
methods are used to minimise the effects
but DRA has developed a highly
successful Physical Vapour Deposition
(PVD) technique in which the matrix
alloy is deposited directly onto the
fibre’. The coated fibre can be more
easily handled and compacted with
potentially less fibre damage, improved
fibre distribution and higher fibre
volume fractions. Although composite
materials offer the direct weight
savings discussed above, due to their
different mechanical behaviour, these
new materials cannot be used as direct
substitutes in current metallic designs.
Additionally, such future designs will
require to be extensively evaluated
because of the failure critical nature
of the components involved, ie discs and
blades. In this connection it has been
necessary to develop both
micromechanical modelling techniques
which are being used to assess composite
behaviour at the individual fibre matrix

interface level and macromechanical
techniques to translate the local fibre
level response into bulk or global
composite response within the

surrounding material.

DRA has been in the field of advanced
materials development and in particular
PVD exploitation and MMC materials for
some considerable time, but has only
recently become involved in the
mechanical assessment of these materials
for engine component usage rather than
as novel research alloys. To this end
it is involved in collaborative testing
and evaluation of MMC laboratory
specimens and model components and
sponsors research activities both within
industry and UK Universities. The
presentation will address the
interpretation of the results of current
testing and modelling activities at DRA
and will briefly refer to some results
from earlier sponsored work.

The material used in
testing programme is SicC fibre
{SM1240)/Ti matrix (Ti 6-4) composite
supplied by BP Metal Composites. A
typical specimen cross section is shown
in Fig 1. The measured fibre volume
fraction was found to be nominally 34%.
The material was supplied mostly as 6-
ply unidirectional composite panels of
nominal thickness 1.0 mm produced by
vacuum hot pressing a lay-up of foil and
fibre mats. The titanium foils were

the laboratory

100 um thick and the fibres were
produced by the Chemical Vapour
Deposition (CVD) of SiC onto a 15 um

diameter tungsten filament to produce a
final diameter of approx 96um. onto

this is then deposited a 1.0 um carbon

coating followed by a 1.0um
hyperstoichiometric titanium boride
(TiB, x>2) coating, thus producing a
final diameter of 100-101 um. In this

double coated form, the role of the
carbon layer is to isolate the fibre and
hence to minimise the formation of
brittle high temperature reaction
products. In addition this coating is
considered to alleviate the effects of
rough fibre surfaces and to reduce the
overall scatter in fibre strength. The
outer layer 1is intended to inhibit
reactions between the matrix and the
carbon. The model disc components were
manufactured by Rolls-Royce plc from
Textron SiC SCS-6 fibre reinforced Ti 6-
4 monolayers.

4 SPECIMEN TEST PROGRAMME

Although the primary target for
introducing metal matrix composites 1is
directed at significantly lighter,

higher temperature capability rotating
components, it is essential to ensure
that adequate ambient temperature
properties are maintained.

The experimental programme included
longitudinal and transverse loaded
tensile testing at temperatures up to
600°C and repeated tension LCF and
static creep testing at 600°C. The
laboratory testing was conducted using
a closed loop servohydraulic test
machine with specially adapted water
cooled hydraulic grips. Blanks were cut
from unidirectional panels using electro
discharge machining. Test pieces were
ground to a final size of 150 mm x 12 mm
and degreased prior to the attachment of
aluminium or glass fibre tabs. The
initial gauge length was set at 20 mm
and extension was measured using a
capacitance extensometer. Heating was
achieved using a specially designed
three zone platinum wound furnace
capable of temperatures in excess of
600°C with a gradient along the gauge
length of not more than 2°C. A
continuous data logging system was used
to monitor strain and load and an x-y
recorder allowed stress-strain
hysteresis loops to be plotted during
the test.

The LCF tests used a triangular wave
loading sequence tc¢ a constant maximum
load and were conducted at 600°C and a
frequency of 0.1 Hz.

4.1 Tensile Behaviour

The results of the tensile tests are
summarised in Table I. Typical stress-
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strain responses for the longitudinal
specimens are shown in Fig 2 and
transverse specimen results in Fig 3'.

4.2 Static Creep and High Temperature
Low Cycle Fatigue Behaviour

Currently only the longitudinal testing
at 600°C has been completed. Typical
total strain-time responses are shown in
Fig 4 and the 1lives to failure are
presented as conventional creep rupture
plots in Fig 5. For ease of comparison
the times-to-failure of the high
temperature LCF tests (at 0.1 Hz) are
presented on the same figure. It can be
seen immediately that even at 600°C and
with a Ti 6-4 matrix which has an
extremely poor creep resistance, the
material is much more sensitive to
cyclic rather than static loading.

5 FINITE ELEMENT MODELLING

Even the simplest unidirectional long
fibre metal matrix composite components,
show complex non-isotropic response to
applied load. Unfortunately, it has
been found to be computationally
impractical to mode! individually the

thousands of fibres present in 3-
dimensional composite structures. To
overcome this problem, combinations of
micromechanical and macromechanical
modelling have been developed. The

reinforced metal matrix composite region
is treated as a single composite block
whose behaviour is determined by the
material models developed to
~haracterise the response of individual
fibres and small groups of fibres in
their matrix material.

The unit cell used in the
micromechanical modelling used
dimensions compatible with the material
shown in Fig 1. In the current stress
analysis the coating/fibre interface has
not been modelled separately and for the
longitudinal tests the coating/matrix
interface is ¢ssumed to be a perfect
bond. The MARC non-linear finite
element code was used for the stress
analysis and generalised plane strain
elements were used. Appropriate
boundary conditions were applied to the
model edges to simulate a regular
distribution of fibres and matrix.

In modelling the transverse tests, the
fibre matrix interface is taken to be
extremely weak and matrix flow around
the fibres and the associated shear
forces are a sumed to be controlled by
the friction coefficient of the
surfaces. It has been established that
the value selected for the friction
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ccefficient did not have a significant
influence on the results and a value of
0.1 was selected in subsequent analyses.
Special gap elements were used to
represent the interface and to prevent
surface interpenetration.

At the outset it was recognised that in

cooling down from the fabrication
temperature, the large differences in
coefficients of thermal expansion

between the fibre and the matrix will
lead to thermal strains and stresses and
that on cooling, significant residual

stresses can be present in the
composite. Hence, in order to mode; the
tensile tests, it was necessary to
calculate the level of the induced

thermal stresses using a thermal loading
option and temperature dependent tensile
and thermal expansion data. Residual
stress levels are highly temperature
dependent and at 20°C the maximum axial
stress in the matrix is calculated to be
about 380 MPa with a corresponding
compressive residual fibre stress of
about 840 MPa. In the analysis of the
creep and high temperature LCF tests, a
user defined creep option was employed.
For the mat.ix material, a standard
Norton type creep law was employed with
material specific values for the
equation constants taken from Nimmer‘.
In addition, for the transient lcading
cases, a strain nardening equation of
state was applied. 1In all the analyses
the silicon carbide fibres were assumed
to behave elastically throughout the
loading sequences.

6.0 ANALYSIS OF RESULTS

6.1 Longitudinal Tension

In Fig 6, the predicted longitudinal
behaviour is compared with the
experimental stress-strain curve of
Fig 2. It can be seen that agreement is
satisfactory. As shown in Table I, over

the temperature range 20° to 600°C the
simplest analysis, namnely the rule of
mixtures, accurately models the
temperature dependent composite moduli.
At 20°C, yielding initiates at very low
strains due to the high matrix tensile
residual stresses followed by the almost
linear response of the MMC as
progressively more of the load is
carried by the fibres. In the DRA
analysis which includes the residual
stress distribution associated with the
original cooling down from the
consolidation temperature, the results
suggest that the matrix material does
indeed yield close to the identified
knee. In complementary work supported
by DRA', a series of test. were
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performed in which the
lcaded to strain levels of 0.2%, 0.4%,
0.6% and 0.9% and unloaded before
proceeding to the higher strain levels.
The measured elastic modulus was found
to decrease progressively although the

specimen was

measured values were found Lo be
approximately 10% lower tuan the
predicted modulii. This is now
attributed to the effects of fibre

breakage such that as the load carrying
capability of the fibres is cormpromised
this 1s reflected 1in the observed
reduced stiffness. At 600°C although
the residual stress levels are very low,
the response is similar to that observed
at lower temperature since tue matrix
yield stress at this temperature is also
significantly lower than at 20°C.

6.2 Transverse Tension

The predicted stress-strain curves under
transverse tension and the corresponding
test data are shown in Fig 7. In the
complementary work referred to earlier’,
unloading and reloading tests similar to
those described by Johnson® and by
Nimmer' were conducted in order to
investigate coating/fibre interface
debonding. On first loading, the knee
1n the stress-strain loading curve is
attributed to the applied stress
necessary to overcome the interfacial
bond strength. On subsequent loadings
the knee .ccurs at lower applied stress
levels and the difference 1in these
values is attributed to the magnitude of
the interfacial bond strength. Taking
into account the maximum interfacial
radial stress concentration factor of
1.4, this gives an interfacial strength
of approximately 50 MPa. This 1is in
reasonable agreement with the room
temperature value of 67 MPa obtained for
Ti 6-4/SiC by the micro hardness push
out test'.

6.3 Static Creep

The 600°C longitudinal static creep
tests have been analysed using a Norton
exponential creep law with values for
the material specific constants taken
from work of Nimmer'. Currently tests
are being completed to enable analysis
using the standard DRA Graham and Walles
techniques’. The application of this
titanium creep equation 1i1n a c~reep
micromechanical analysis allows the rate
of stress redistribution within the
composite to be identified. Fig 8 shows
predictions of typical peak maximum Von
Mises stress distributions in both the
matrix and the fibre during the test.
For the same loading conditions, in
Fig 9, stress distributions are shown

for time zero (t = O)
prior to failure (t ). In Table I1
the fibre stresses .. initial loading
and at creep ru»nture are identified for
the 4 creep tests ac 600°C.

and for time just

6.4 High Temperature Low Cycle Fatigue

Table III ~rovides initial and final
stresses f.r the four fatigue loaded
tests. Comparison with table and

examination of Fig 5 show that despite
the poor creep resistance of the Ti ©6-4
matrix material, even at 600°C the MMC
is si nificantly poorer under LCF
loading at 0.1 Hz than under the static
loading associated with creep. The MMC
response to fatigue loading is
considerably more complex than to creep
loading and Fig 10 chows typical stress-
strain respnnses in a) the fibre and b)
the matrix during selected triangular
loading cycles predicted as the test
progresses. The predictions were
achieved using the micromechanical model
and assuming the matrix creep model ard
strain hardening hypothesis.

Table II1 also shows that immediately
prior to failure the nominal stress
levels in the remaining ligar:nts have
increased due to cracks propagating from
the specimen edce. Full transient
analyses of the stress redistributions,
in which it ! ecessary to take account
of concentration effects at the tip of
the cracks, have not yet been completed.
However, simple calculations based on
the final applied stresses yields fibres
stresses close to their tensile limit.

7 METALLOGRAPHY OF FAILURE PROCESSES
UNDER CREEP AND LCF LOADING

The micrograph 1in Fig 1lla shows @
typical creep failure region in a creep
test at a stress of 750 MPa and a test
temperature of 600°C. Fig 1lp is a
longitudinal section through the
fracture surface. It can be seen that
fibre cracking is extensive and ocrurs
at relatively regular intervals along
the fibres. In some places it appears
that significant interface debonding
leads to large local fibre movement and
in such cases this 1is sufficient to
alleviate the requirements fcr the
regular cracking observed elsewhere.
Away from the fracture surfaces, as
shown in Fig llc, only the regular fine
cracking 1s observed.

With regard to WCF loading, Fig 1l2a
shows a typical failure (700 MPa at
600°C). It can be seen that there is
significantly less fibre pull-out than
for creep loading. This is clearly




shown in Fig 12b which is a section
through the crack initiation region.
This micrograph also illustrates that
with crack initiation under fatigue
loading, fibre cracking is limited to
the crack plane but just prior to final
failure more widespread multiple
cracking of the fibres occurs. Again,
in contrast to the creep situation, as
illustrated in Fig 12c¢, away from the
immediate vicinity of the cracking
plane, fibre cracking does not occur.
Thus, it is now suggested that when the
matrix experiences only limited
plasticity, fibre breakage will be
slight and additionally the shear
stresses around the ends of the broken
fibres will be able to reloau the fibres
to their full stress levels in very
short lengths. However with greater
matrix yielding (or nonlinear
deformation), the shear stresses around
the fibre breaks are more dispersed and
hence a longer end length is required to
relocad the fibres. Fig 12d confirms
that even at 600°C, cracks within the
matrix show typical fatigue growth.

These findings are consistent with the
results of the stress redistribution
analyses and suggest that final metal

matrix composite failure at elevated
temperature 1is associated with fibre
overload and that environmental
degradation makes only secondary
contributions to the failure event
although it may be important 1in the
development of crack initiation and

early growth.
8 MODEL DISC

Fig 13 is a photograph of the Rolls-
Royce plc metal matrix composite model
disc which was tested in the DRA disc
spinning facility. The "top-hat" areas
above the lobes being simply for
attachment to the spin rig and the lobes
being dimensioned to provide appropriate
loadings. The inner ring between the
lobes and the bore surface contains the
reinforcement and was manufactured with
the fibres lying in the hoop direction.
The ring was consolidated and diffusion
bonded to the Ti 6-4 material used in
the remainder of the disc.

8.1 Test Results

An overspeed disc burst test was
undertaken to assess the strength of the
material in a representative component
form and to confirm that basic
laboratory specimen tensile properties
can be maintained. The burst speed of
26,700 rpm was achieved after about 20
seconds. The cyclic tests were
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conducted at 3 cycles per minute and the
tests were continued until complete
failure of the disc. Based on average
room temperature tensile failure data on

SCS-6/Ti 6-4, the disc showed a 7%
higher than predicted burst speed.
Under such loading conditions, radial

and axial stresses are low and failure
is dominated by circumferential hoop
stresses.

In Fig 14, the disc spinning LCF results
are indicated in conjunction with room
temperature longitudinally loaded metal
matrix composite minimum property data
supplied by Rolls-Royce plc. It can be
seen that the disc results are typical
of average laboratory data indicating
that the disc manufacturing route has

had no detrimental effect on the
material.
8.2 Stress Analysis

Since it is not practical to model every
fibre individually a global analysis
model has been developed. In this
approach the component model treats the
metal matrix composite area as a
homogeneous orthotropic material with
circumferential and radial/axial
materials data supplied from the
specimen elasto-plastic micromechanical
model used to characterise the composite
response to both longitudinal and
transverse loading. Currently analysis
of the reinforced region is limited to
the elastic case with an elasto-plastic
capability used for the remainder of the
disc. The repetitive symmetry of the
disc design required only a 1/24th
segment to be modelled. Standard "cake-
slice" boundary conditions were applied
(hoop displacements constrained to
radial planes of the slice faces).

To aid in the assessment of this
reinforced disc, a theoretical overspeed
analysis was performed on an equivalent
monolithic Ti 6-4 disc which predicted
an initial yield speed of 17,760 rpm.
In the reinforced disc, the orthotropic
macromechanical analysis predicts
yielding at a similar location is
delayed until a speed of over 22750 rpm
although a full elasto-plastic analysis

would predict a lower value for MMC
matrix yielding.

Although the matefial has been
identified primarily for elevated
temperature applications, the analyses
also indicate that even at room
temperature there is a significant

advantage of the composite over base
matrix material behaviour. Fig 14 also
includes some room temperature LCF
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results for Ti 6-4 for
comparison. Indeed, at the same
rotational speed, the lower density
metal matrix composite disc is
calculated to have about a 10% lower
‘average’ stress level or alternatively,
for the same ‘average’ stress level an
MMC disc can be run about 7% faster.

specimen

9 IMPLICATIONS FOR FUTURE COMPONENT
DESIGNS

The correlation between the disc
spinning results and laboratory LCF data
is encouraging and allows general
conclusions on component behaviour to be
drawn from 600°C laboratory LCF results.
The data presented in Fig 5, has been
reanalysed in terms of cycles to failure
and has also been added to this figure.
It can be seen that for usable lives of
about 10' cycles to failure there is
only about a 10% fall in material
capability relative to 20°C behaviour.

The inherent fatigue resistance in the
maximum principle hoop direction is
highly encouraging although problems may
arise from environmental interactions,
coating fibre interface reactions and
design problems associated with disc and
blade attachment. The immediate problem
now being addressed at DRA is the high
temperature transverse loading
capability of the material since maximum
principle radial stress levels could be
a design limitation.

10 FINAL COMMENTS

Conventional FAA and JAR ‘safe life’
regulations are based on the life-to-
first-engineering-crack concept and are
clearly inappropriate for composite
components. However, the adoption of
damage tolerant methodologies, in which
the 1life declared 1is based on the
release of a portion of the identified
safe crack growth life, do appear to
hold certain attractions. In such a
damage tolerant lifing approach it will
be necessary to identify, either from
proven process control or by inspection,
a maximum initial flaw size that may
never be exceeded in a component.
Available results suggest that if
initial levels of stress intensity range

can be kept sufficiently low, even in
the presence of defects, eventual crack
arrest may still occur. In service,

thermal stress effects are always likely
to be present and will therefore have to
be considered in conjunction with
traditional mechanical loading to ensure
that fatiqgue failure of the fibres would
not eventually occur. Nevertheless it
is tempting to suggest that such

materials could provide the opportunity
for truly damage tolerant designs.
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Fibre Temperature °C Modulus Tensile Failure
Orientation Strength Strain %
Measured Rule of MPa
Mixtures

0° 20 200 210 1612 0.98
300 196 - 1348 0.82
600 191 188 1093 0.74

90° 20 165 210 499 1.0

600 108 188 156 >2.5

Table I

Matrix Composite SiC/Ti 6-4

Summary of longitudinal and transverse tensile data for the Metal

Nominal Applied Stress Predicted Fibre Stress Predicted Fibre Stress
MPa at t=0 at t=t,
MPa MPa
750 1643 2264
800 1758 2400
830 1841 2412
870 1940 2395

Table 11

Maximum initial and final fibre stresses under creep

loading at 600°C

Peak Applied Reduction in Nominal Initial Fibre Calculated
Stress Area at End Reduced Area Stress Final Fibre
MPa of Test Stress from FEA Stress
T MPa MPa MPa
645 12 722 1380 1800
700 8 753 1513 1897
790 5 831 1738 2127
885 5 931 1978 2413
Table III Initial and final fibre stresses under Low Cycle Fatigue loading at

600°C

A

-
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Fig 1 Typical fibre distribution in SiC/Ti 6-4
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Fig 2 Tensile behaviour of longitudinally loaded specimens at temperatures up to
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Fig 7 Comparison of experimental and predicted tensile behaviour for transverse
loading at 20 and 600°C

Fig 8 Typical predicted peak axial fibre and matrix stress variation during a
creep test (830 MPa and 600°C)
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Fig 9 Predicted axial stress distributions at a) time = 0 and b) time = just prior
to rupture (830 MPa and 600°C creep test)
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a) Typical creep fracture surface b) Cross-section through typical q
creep fracture surface

c) Cross-section through creep specimen at a site more than 1 cm below the
fracture surface

Fig 11 Typical creep failure in specimen tested at 600°C
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a) Typical fatigue fracture surface b) Cross-section through typical LCF
(crack initiation site) fracture surface

ﬂﬂ?urn
—
o) Cross-section through LCF specimen  d) Fatigue striations found in matrix
at a site 1 cm below the fracture material
surface

Fig 12 Typical fatigue failure in specimen tested at 600°C
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SUMMARY

To date, the fatigue crack growth behavior of metal matrix
composites (MMC) has been generally limited to data obtained
from relatively small coupons (approx. 150mm x 25mm).
Although self similar crack growth has been observed in some
cases, many observers have noted various complex crack
growth phenomena. Behaviors such as fiber bridging and
extensive crack branching have been reported in several papers
(Ref 1-4). The purpose of this paper is to present the results of
several static and crack growth tests on larger titanium based
MMC center cracked coupons (406mm x 63.5mm). The use of
larger specimens has allowed for more observations during
stable crack growth and is much more representative of actual
applications.

LIST OF SYMBOLS

o stress

ot fiber stress

Oult ultimate stress

da/dN  crack growth rate

AK stress intensity range
R min to max stress ratio

CCT center cracked tension
1 _INTRODUCTION

To date, nearly all material characterization testing for titanium
matrix composites (TMCs) has been conducted using relatively
small specimens (approx. 150 x 25 mm). This is primarily due
to cost and availability issues. As part of an effort to characterize
the damage tolerance of MMCs, the United States Air Force
Flight Dynamics Directorate is conducting a program using
larger test specimens. The goal of the effort is to obtain
damage tolerance data for Beta 21s/SCS-6 MMC and develop a
realistic life prediction model for room and elevated temperature
use. The project is well underway and room temperature data
are available for both [0/90]s and [0/+45/90]s laminates.

2 _TEST PLAN AND PROCEDURES

The room temperature test plan is given in TABLE 1.0. As
may be seen, the matrix is fairly small owing to the cost and
availability issues noted above. Static and crack growth
testing was conducted on MTS servo-hydraulic testing
machines using state-of-the-art, low noise analog controllers.
The first tests were conducted on small (150 x 19 mm)
coupons to determine ultimate strength of the [0/90]s and
[0/445/90)s laminates. The results are shown in TABLE 2.0.
A vacuum aging procedure was planned for the larger test
specimens and crack growth tests were performed on small
edge cracked specimens (approx. 150 x 25 mm) to determine
the effect of the aging process. The specimens were sent lo
Refrac Systems, Phoenix, AZ for aging. The aging process
was: 621 degrees C for 8 hours at less than 1.0E-04 Torr. The
test showed at least a factor of four (4) improvement in crack
growth life on the edge crack specimens. An image of one of
the edge cracked specimens is given in FIGURE 1.0.

Crack growth testing for the larger specimens (406 x 63.5
mm) was performed at a cyclic frequency of four (4) Hz. A
typical specimen is shown in FIGURE 2.0. Electric potential
drop monitoring techniques were used to provide a means of
crack length monitoring, however, visual mecasurements were
taken at approximately 0.5 mm intervals as monitored. The
electric potential drop method was used only to place a lest on
hold for a visual measurement. The method proved to be
unreliable compared to visual methods and was never used to
record crack lengths. Visual measurements were made using
a microsoope and graduated mylar tape above the crack plane.
The tape was graduated to 0.127 mm. The crack length vs.
cycle data were curve fit to obtain smoothed data at
approximately 0.05 mm crack length intervals. These
smootiied data points were then used to determine the da/dN
vs. AK data. In all cases, the secant method was used to
determine da/dN. The corresponding AK values were
calculated using the classic center cracked plate solution with
the secant {inite edge correction at the midpoint of two
adjacent data points. An example of the smoothing technique
may be seen in FIGURE 3.0. It should be noted that in cases
where crack growth cxtension at a given load level was
slowed due to apparent fiber bridging, the load level was
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increased to overcome the effect. The testing was performed
over a five day week, 24 hours a day; however, test support
was not available over weekends. Tests were not conducted
over weekends due to potentially long hold times and potential
power (electric and/or hydraulic) failures. In certain cases,
loads were increased as many as two (2) times during the test
to meet the five (5) working day time constraint.

ESUL

The results of the ultimate strength tests are given in TABLE
2.0. The results tend to agree with results obtained for these
laminates by other investigators (Ref §).

The results of the room temperature crack growth rate testing
were extremely significant. The specimens were large enougl
to show stable crack growth prior to failure. Data shown in
FIGURE 4.0 compares the results beteen raw and smoothed
data for a typical test. The smoothed data provides a much
clearer view of the crack growth behavior of the material. A
composite plot of da/dN vs. AK for the [0/90]s laminate is
presented in FIGURE 5.0. Data are available for R = 0.05,
0.3, and 0.5. Originally, six (6) tests were planned, however,
an accidental overload occurred in one of the R=0.3 tests
which caused the loss of one of the fragile 4 ply specimens. A
composite plot for the [0/+45/90]s laminates is given in
FIGURE 6.0. A sufficient quantity of the eight (8) ply
material was available so that spare specimens weie used as
required. In this case, an extra test was performed for R=0.05.
Although the data are limited, especially in the case of the
[0/90]s data, several features should be noted. First, apparent
fiber bridging is indicated where da/dN is decreasing with
increasing AK. Second, the "bridging" effect is repeated, as
expected, atter the maximum applied {oad was increased. The
decreasing apparcnt AK effect is preceded by a noticeable rate
increase. The magnitude of the increase is variable, but
consistent. Load increases are indicated where there is a
discrete jump in the value of AK for a given set f data points.
Finally, one of the most interesting trends from the data is the
stable crack growth region where no hitor bridging is apparent,
This is clearly visible in FIGURE 6.0. The data in this region
is typical of what is seen in isotropic materials where sel{
similar crack grow'h is the standard. The data seems to
support the existence o "laminate” fracture toughness.

4 DISCUSSION

A significant amount of crack growth rate testing has been
conducted on Beta 215/SCS-6 material. Almost ail of the
testing has been performed on very sma'l specimens (25mm
wide or ess). While fiber bridging has been noted by several
investigators (Ref 1), the region of stable crack growth seen in
these tests would be difficult to observe in small specimens.

Previous experimental studies on Ti-15-3/SCS-6 have
indicated that MMCs, in general are notch insensitive (Ref 6).
Room temperature crack growth tests were performed where
cracks have extended coinpletely through the matrix with no
fiber (ailures. When residual strength tests were performed on

the specimens, the result correlated very weii with the fiber
ultimate strength (oult - when corrected for fiber volume and
number of zero degree plies). This indicates that it may be
relatively easy io obtain engineering approximations to fiber
stresses in these types of materials and then apply the resulis
to determine an effective AK.

AKeff = AKapphied - AKbnde 4

‘The d 1ta in figures 5.0 and 6.0 show spikes in all data sets in
varying degrees. Observations made during the tests seem to
indicate that thesc “spikes” are due to crack arrest mechanisms
inherent in MMCs. Prior to the spikes, the cracks showed
very little opening displacement from visual obscrvativn. At
the times when these "spikes" occurred, the cracks were open
enough at maximum load to show (ibers. A weak fiber/matrix
interface strength could provide a sufficient damping effect to
a propagating fiber failure. It is reasonable to assume thata
matenal with a strong fiber/matrix interface would exhibit
notch sensitivity AND much lower {racture toughness
(without these spikes). More information 1s clearly required.

Crack growth in the stable region was accompanied by
regular noise from the specimens. ‘The noisc was clearly
audible as a snapping type of sound - failing fibers. The
fibers were apparently failing as the crack progressed. Itis
easy to suggest that the local fiber stresses (of) exceeded their
ultimate strength (oult) as the cracks grew around them.
However, this is only based on the regularity of the sounds
and the fact that no further da/dN rcdc tions were scen.

S__CONCLUSIONS

‘The fiber bridging effect is certainly at work in this casec.
Future work is required to develop an engineering solution to
the issue of an effective AK on a macroscopic level. Work is
underway to perform additional tests on the material using
strain gages in the crack plane to monitor changes in deflection
before and after significant fiber faitures. These data may
provide the information nceded for the engincering solution.

These data show very clearly that this material exhibits a
“laminate” fracture toughness value. This is very important
in» the determination of residual strength and life for these
types of MMCs.
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TABLE 1.0 : Room Temperature Test Matrix

—.aminate Specimen Type Replicates
[0/90]s Oult Static 4
[0/+45/90]s Oult Static 2
[0/90]s CCT da/dN 6
{0/+45/90]s CCT da/dN 8
TABLE 2.0 : Laminate Ultimate Strength Data
Laminate Min (MPa) Max (MPa) Ave (MPa)
[0/90]s 1103 1263 1209
[0/+45/90]s 1034 1044 1039
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SUMMARY

Recent work on the prediction of optimal processing
and material characteristics for improved fatigue
behavior of MMCs/IMCs is summarized. The method
is incorporated into the MMLT (Metal Matrix
Laminate Tailoring) code. Excellent correlations
between predictions for the isothermal fatigue life of
the SCS-6/Ti-24Al-11Nb composite and experimental
data are obtained at various temperatures and stress
ranges. Finally, the optimal processing conditions for
improved isothermal fatigue Jife of the composite are
evaluated and the attained isothermal fatigue life
improvements are shown.

INTRODUCTION

Fatigue endurance is a primary consideration for high-
temperature metal and intermetallic matrix composites
(MMCs/IMCs), as these materials are expected to
sustain aggressive mechanical and thermal cyclic loads.
Yet, the inherent heterogeneity of these composites, in
terms of differing thermomechanical properiies, may
severely degrade their fatigue performance’. Fatigue
life is typically reduced by either the presence of
microcracks in the matrix due to residual stresses after
processing, or by interactions between the residual
stresses, the inelastic behavior of the metallic matrix,
post-fabrication loads and environmental effects.
Consequently, the development of analytical
capabilities is required enabling: (1) reliable/robust
predictions of the thermomechanical fatigue (TMF) life
of MMCs/IMCs and (2) optimal process/material
synthesis for explicitly improving the fatigue life of the

composite.

Previous work has addressed the reduction of residual
stresses in MMCs, as an indirect approach to improve
fatigue life, by tailoring either the processing, the
composite parameters, or an interphase layer (fiber
coating) in unidirectional MMCs?. Yet, the reduction
of residual stresses is a quantitative criterion only, as
does not account for either the complex
thermomechanical interactions between matrix and
fibers during cyclic loading, or for the various
combinations of mechanical and thermal cyclic loads.
Instead, the introduction of life prediction capabilities
into the synthesis cycle allows for the concurrent
synthesis of both process and material, and ensures
explicit improvements in fatigue performance.
Additional advantages of this technique are the
automatic identification of significant residual stresses
in connection with the critical failure modes of the
composite, and the optimal control of their evolution
irrespectively of the applied loads and TMF cycle.

Consequently, this paper presents recent extensions in
the capabilities of the MMLT (Metal Matrix Laminate
Tailoring)3 code to address the previous crucial
problems. The code entails the capability to predict and
maximize the isothermal fatigue life of IMCs/MMCs.
The method was applicd on a ceramic silicon carbide
fiber (SCS-6)/titanium aluminide (Ti-24Al-11Nb)
matrix composite. This intermetallic matrix composite
system was selected for its significance as a candidate
high-temperature material and the availability of
experimental data regarding its fatigue performance.
Excellent isothermal life predictions were obtained at
both room and elevated temperatures. The robustness
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of the method in low-, intermediate- and high-cycle
fatigue conditions was validated. Additionally, optimal
processing temperatures and consolidation pressures
were predicted which maximize the isothermal life at
room and elevated temperatures. The remaining
sections summarize the approach and present the
obtained resuits.

METHOD

A typical thermomechanical life cycle of a MMC, from
fabrication to failure at cyclic loading conditions (Fig.
1) is simulated. The constituents are hot-pressed at
elevated temperatures, then both temperature and
pressure are reduced to ambient conditions (70°F and
0 psi). A cyclic mechanical load is subsequently
applied at constant temperature (isothermal fatigue).
Thermal strains are developed during the complete
processing-loading phase, which act as mean strains
and directly affect the fatigue performance of the
material. The strain distribution in the composite is
also affected by changes in the mechanical properties
of the constituents due to temperature and inelastic
effects.

The complicated thermomechanical response of the
composite during the previously described
thermomechanical cycle is simulated using incremental
inelastic micro- and macromechanics encoded in
METCAN®. The mechanics include temperature effects,
the inelastic response of the constituent materials, and
the residual stress/strain build-up based on the
rcpresentative  unit cell shown in Fig. 2. The
constitutive relations were further extended to
represent the eifect of mechanical cycles Ny on the
maximum allowable cyclic strain of the constituents.
The maximum elastic e, ™ and inelastic e,; ™"
cyclic strains® of the matrix are calculated using the
multi-factor equation. The exponents and reference
intercepts  are calculated from calibrations with
experimental data. The fibers were assumed elastic,
thus, only the elastic counterp "t of the maximum
cyclic strain was calculated.

The optimization problem for the direct improvement
of the fatigue life is formulated as the direct
maximization of the fatigue life (expressed by the
number of cycles) of the composite for a specified

isothermal cyclic load. Static strain constraints are
imposed on the fiber and matrix microstrains to
eliminate failures during the fabrication and loading
phases. Additional constrains are imposed on the cyclic
microstrains of cach constituent. Specifically, the cyclic
microstrains e, in the matrix should not exceed the
sum of the maximum cyclic elastic and inelastic strains
as proposed by Saltsman and Halford3, while the fiber
cyclic strains should not exceed their maximum elastic
strain limit. The numerical solution of iais non-linear
programming problem is obtained with the method of
feasible directions®. The described methodology
including the mechanics and the optimization
algorithm was encoded into the MMLT (Metal-Matrix
Laminate Tailoring) code.

It is pointed out, that the previous formulation can be
applied in two different ways:

U] For predicting the fatigue life of the
composite, under fixed processing and material
parameters. In this case, the life is maximized
until some of the cyclic strain constrains are
activated. The resultant maximum number of
cycles corresponds to the life of the composite
for the given isothermal fatigue conditions.
The associated mode(s) of failure, in terms of
constituent, microregion, and direction, are
also calculated.

) For predicting the optimal processing and
material paramcters which will improve the
fatigue life of the composite. In this case, the
life of the composite at the initial set of
processing and material parameters s
predicted, and a search is initiated until the
best combination of process/matcrial
characteristics is achieved. In this manner, the
residual microstresses and the inclastic
response of the constituents are optimally
controlled to achicve the desired objective of
maximum fatiguc lifc.

RESULTS AND DISCUSSION
Applications of the method on a SCS-6/Ti-24Al-11Nb

composite were performed. The temperature and stress
factors in the constitutive multi-factor equations were




calibrated with reported uniaxial monotonic loading
data for the Ti-24Al-1INb alloy’, and the SCS-6
fiber®’. The elastic and inelastic strain intercepts, and
the corresponding exponents of maximum cyclic strains
were calculated from experimental isothermal fatigue
data at room temperature®®!%, [t should be noted that
the constituent properties represent average values
from different sources and experimental configurations
were modelled as accurately as possible.

Life Predictions. The life prediction capability of the
method was first evaluated. The predicted and
measured® isothermal fatigue life of a unidirectional
SCS-6/Ti-24Al-11Nb composite (0.35 FVR) at 70°F
(23° C) is shown in Fig. 3. The obtained agreement
with measured values is excellent. Moreover, the
method has succeeded in capturing both low-,
intermediate-, and high-cycle fatigue regions, which
illustrates the robustness of the method. The
corresponding predicted failure mechanisms in the
composite for each region are also shown in Fig. 3.
These are, longitudinal fiber breakage (F11) in low
cycles, mixed longitudinal matrix failure in the C
microregion (C11) for the intermediate cycle range,
and longitudinal matrix failure in the A microregion
(A11) for the high cycle realm.

Isothermal fatigue life predictions at 1200°F (650°C)
where also obtained (Fig. 4). As seen in Fig. 4, the
results correlate very well with reported experimental
data form various sources™!°, Again the predictions
have captured the low-cycle, intermediate-cycle, and
high-cycle ranges, as well as, the associated failure
mechanisms. The predictions slightly overestimate the
life at high cycles, because oxidation is a factor there.
Note that all data shown in Fig. 4, correspond to
fatigue experiments in air environment. Bartolotta'!
and others have noted that environmental effects, such
as oxidation, increase the rate of degradation at
elevated temperatures. Oxidation effects in the matrix
will be included in future work.

Optimal Processing Conditions. Optimal processing

characteristics which improve the isothermal fatigue
life of a SCS-6/Ti-24Al-11Nb composite (0.35 FVR)
were also predicted. The resultant increases in
isothermal fatigue life at ambient conditions are shown
in Fig. 5, and are compared to the predicted life for the
initial fabrication process. The predicted life of the
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composite in the ideal situation of zero residual
stresses (processing effects were neglected) is also
shown o establish the maximum range for
improvements in fatigue life. Considering this range,
the obtained fatigue life enhancements seem significant.
The resultant optimal consolidation pressure histories
at points 1,2, and 3 (see Fig. 5) increased drastically,
yet, different pressure profiles were predicted for each
point. Considering the various failure modes associated
with the three fatigue regions, these differences in
optimal processes are justified, as each optimization
case has targeted different residual stresses in the
composite. The last observation demonstrates the
capability of the method to identify and subsequently
reduce the critical residual stresses in the composite.
The resultant changes in temperature profiles were
small.

Slightly lower life improvements were obtained for the
isothermal fatigue at 1200°F (650°C) (see Fig. 6). The
lower improvements were attributed to the presence of
lower residual stresses in the material. However,
similar trends were predicted in the corresponding
optimal consolidation pressure profiles. The different
trends are similar to the ones obtained at room
conditions and correspond to the previously discussed
different failure modes at low, intermediate and high
cycles.

CONCLUSIONS

The development of a methodology to predict optimal
process and material characteristics for improved
fatigue behavior is developed and incorporated into the
MMLT code®. Excellent correlations between
predictions for the isothermal fatigue life of the SCS-
6/Ti-24Al-11Nb composile and experimental data were
obtained. The accuracy of the method at various
temperatures and cycling ranges was also validated.
Finally, optimal processing conditions for improved
isothermal fatigue life of the composite were evaluated.
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1. Abstract

The thermomechanical behavior of continuous-fiber
reinforced titanium based metal-matrix composites (MMC) is
studied using the finite element method. A thermoviscoplastic
unified state variable constitutive theory is employed to
capture inclastic and strain-rate sensitive behavior in the
Timetal-21s matrix. The SCS-6 fibers are modeled as
thermoelastic. The effects of residual stresses generated
during the consolidation process on the tensile response of the
composites are investigated. Unidirectional and cross-ply
geometries are considered. Differences between the tensile
responses in composites with perfectly bonded and completely
debonded fiber/matrix interfaces arc discussed.  Model
simulations for the completely debonded-interface condition
are shown to correlate well with experimental results.

2. Introduction

The acrospace, automotive and gas-turbine industries all
share the never-ending quest for lighter and stronger materials
suitable for use in increasingly demanding high-temperature
environments. The performance of nickel-based superalloys,
which have been the past material of choice for high-
temperature environments, has peaked. The development of
composite materials that have reduced weight and increased
strength relative to the nickel-based superalloys is cnitical to
achieving the goal of higher operating temperatures, long-life
and reduced weight. One such composite system is the
titanium-based stlicon-carbide fiber reinforced metal-matrix
composite. .

To accurately predict the complex thermomechanical
response for this class of composite materials, the rate- and
temperature-dependent properties of the constituents must be
considered in the model. Adding to the complexity of the
composite-material model is the lack of a complete
understanding of the behavior at the fiber-matrix interface
The nature of the interface bond i1s a combination of
mechanical and chemical bonding, and the contnbution of
cach is not well defined.

The use of a unit cell in the finite element method is
common for investigating the stress state on the microscale
This approach assumes that the respective thermomechanical
properties of the matrix and fiber can be charactenzed
individually. The individual constituents can then be used
together in the finite element model such that the overall
response of the composite can be simulated.

In addition to the matenal properties of the constituents,
the finite element model should also consider the fiber-matnx
interface bond and the immediate surrounding region. While

discrete characterization of the interphase region may not be
crucial to the overall macroscopic response of the composite,
it is important to consider the state of the fiber-matnx
interface bond. At a minimum, the finite element model of
the composite shouid be able to simulate perfect bonding of
the fiber and matnix as well as complete debonding of the
constituents. It is also desirable to simulate partial debonding
and the evolution of the strength of the interface dunng
composite loading. One goal of this study is to investigate the
role of the interface-bond strength on the predicted
thermomechanical macroscopic response of the composite.
Timetal-21s/SCS6.

In the past five years, many experimental and numenical
rescarch efforts have been directed toward titanium-based
composites. Experimental research sull represents the major
portion of the effort. However, numerical techniques have
been established as a viable means of composite analysis, and
their use is becoming more common. Numencal studies
typically employ a constitutive theory with the ability to
capture the plastic and time-dependent behaviors inherent to
the matrix in some composite matenals. Scveral
comprehensive constitutive theonies have been developed 1n
the past, and new theories continue to emerge [1-5]. Most of
the theories share common ngredients in that they use some
plastic-flow rule in cooperation with evolution equations for
state variables and hardening rules. Constitutive models are
often implemented into finite clement codes in the form of
user-supplied matenal models and or incorporated into stand-
alone composite analysis packages.

Several researchers have completed numerical and
experimental investigations of the microscopic  and
macroscopic thermomechanical behaviors of titanium-based
fiber-reinforced composites. The numencal investigations all
required some a priori assumptions about the interfacial bond
strength.  Many computational works have consideicd the
fiber-matrix interface as completely bonded. ¢ g Kroupa, et
al. [6]. Aboudi [7]. Santhosh and Ahmad (8]. Gosz. ctal [9].
and Amold. et al [10] While others have considered the
interface as completely debonded or strong, e g Grady and
Lerch [11], Nimmer, et al. [12], and Mital and Chamis [13]
Still other studies have considered it in between pertectly
bonded and debonded, 1¢ weak, e g [.issenden et al [14].
Eggleston and Krempl [15], Mital et al [16]. Majumdar. et al
[17]. In addition other analyscs of Ti-based composites have
been completed and are worthy of attention [18-26] The
evolution and effect of fiber-matnx debonding 1s a major
concem in composites which are loaded transversely to the
fiber direction (27]
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The goal of this paper 1s 10 use the unit cell in the finite
element method to investigate the macroscopic response of the
composite due to tensile loadings at 23 and 650°C. The
influence of the residual stresses developed during the
consolidation process are addressed. Unidirectional (0], and
cross-ply [0/90], lay-ups are considered. The eftect of perfect
and imperfect fibermatrix interfaces and rate-dependent
matrix behavior on the response are investigated

3. Constitutive Theories for the Fiber and Matrix

A unified constitutive theory was used in this study to
model the matrix thermomechanical behavior. The theory was
chosen for its ability to model the nonlincar ume-dependent
behavior. The model was proposed by Ramaswamy and
Stoutfer (28] and is based on the theoretical development of
Bodner and Partom [29] Shermood and Bovle [30]
implemented the theorv into the ADINA finite clement
program {31} in the form of a user-supplied material model
for two- and three-dimensional analyses. Ramaswamy, et al
demonstrated that the mode! had the ability to accurately
predict the tensile. creep and cyclic behavior of René 80 over
a wide range of temperatures. In addition, Sherwood and
StoutYer (32) used the model in analyses of René 95. Boyle [33)
used the model to investigate the thermomechanical response
of a titanijum-matrix composite. Sherwood and Fay [34)
demonstrated its ability to accurately capture matenal response
to nonproportional loadings.

Maternial constants are derived from experimental testing
of monolithic matnx matenals The work of Sherwood and
Doore [35) has streamlined the process of finding the
necessary temperature- and rate-dependent material constants.
The state vanables Z and €2, represent changes in the
microstructure and descnbe the isotropic and Kinematic
haraening contnibutions, respectively. An extensive review of
the Ramaswamv-Stoufler constitutive theory s presented in
[33] and is readily available in other references [36]. Thus. a
detailed review of the theory will not be reproduced here
Rather. the following equations summanze the constitutive
theory.

The flow rule is represented by

22118 -
“pep|- JE B )

23_K2m

where K, ts analogous to J, and 1s given by

él

[}

i
K, = 5(su- QXS - Q) Q)

with the back-stress-evolution equation

. _AE N} k)
Q, =0+ Q S

cxpressed in terms of the elastic component

Q=18 )

and the inelastic component

N , 2_QU

- )
=f g, - -f -
Yo3tq,

L)

The back-stress-recovery equation 1s

r

¢ )
Q =-B[X2[@-Q

= ).
CRP
co

The drag-stress evolution 1s deseribed by

ZosmZ,-0W -A(Z-2,P ™

The value of D, is typically assumed 10 be 10' and s
temperature independent  The remaining matenal constants n.
fi. fy. B, . m. Z,. Z,. A, and p are temperature dependent

Timetal-21s, the matnx material, was developed by
TIMET to be roughly equivalent to the Ti-15V-3Cr-38n-3Al
(atomic percent) material with much improved oxidation
resistance.  Previously designated Ti-f21s. Timetal-21s 1s
characterized by a high melting point, low density and
improved oxidation resistance duc to the rcmoval of the
vanadium (V). The exact chemical composttion is propnetary
information. The temperature-dependent matenial constants
used is the present study were developed by Doore, and are
given in Table 1. These matenal constants were denived from
neat material test data supplied by the University of Davion
Rescarch Institute (UDRI) and the NASA lewis Resecarch
Center (NASA LeRC). A complete discussion ot the matenal-
constant-determination methodology 1s presented in [36]

The Textron Specialty Matenals SCS-6 silicon carbide
fiber is the reinforcement constituent used in the composites
under investigation.  The fiber behavior 1s such that a
thermocelastic material model can be used to capture the fiber
in the composite analyses. Table 2. summanzes the matenal
constants for the fiber

In Tables 1. and 2., the sccant coclticients of thermal
expansion (CTE) were adjusted to correspond to a reference
temperature equal to that tor the consohdation of composite
The consolidation temperature 1s proprictary intormation and
can not be presented here  The CTE reference temperature 1s
the temperature at which the thermal strains are equal to zero

4. Finite Element Modeling

The tuily three-dimensional tinite efement model of the
SCS-6/Timetal-218 [0], svstem 1s the tirst n a scnes of
models used to numencally mvestigate the macroscopic
behavior of the composite  The Timetal-21s composites
considered in this work have a fiber-volume fraction of 33%
The three-dimenstonal model 1s used to capture changes in the
stress state that occur dunng consolidation and the subsequent
cxtenal load apphication

A square umit cell ol a unidirectional composite s shewn
in Figure | The umit cell is representative ot a i pical section
of the composite that 1s not influeaced by cdpe etfects Figure
I also shows the two planes of svmmetry that are present in
the umtcell Symmetn boundany conditions can therefore be
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Temp CTE n Z, E f, f, Qgqar
°C 104~C MPa MPa MPa
23 949 1.40 703 113681 660350 0.6971 661
260 10.45 120 737 106116 49664 08081 537
482 11.24 105 760 93674 23609 0.7669 384
650 1179 0.95 781 68065 20430 02811 79
760 12.11 065 805 65362 19067 02758 43
815 1227 055 807 640.9 19007 02739 33

s S

Figure 1

Table 1. Timetal-21s material constants as a function of temperature

Temperature Elastic Modulus Poisson's Ratio Fiber CTE
C MPa 10-67°C
21.1 393000 0.25 393
933 390000 0.25 397

2044 386000 0.25 4.04

3156 382000 025 4.12

426.7 378000 0.25 420

537.8 374000 0.25 429

6489 370000 025 438

760.0 365000 0.25 445

871.1 361000 025 4.53

1093 3 354000 0.25 4 56 (
Table 2. Material properties of SCS-6 fibers in Timetal-21S matrix composites
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Unidirectonal composite unit cell
and lines of symmetry

used in a finite element model to capture the behavior of an
entire unit cell with a mesh which 1s only one-quarter of the
total cell geometry. The finite element models n this paper
take advantage of these symmetnes

The finite clement mesh of the unidirectional [0,
composite in Figure 2 represents one-quarter of a square unit
cell. The fiber is modeled using 48 elements, and the matnx
is modeled with 32 clements  This mesh density was
determined in a previous studv [33] to be suitable for use n
three-dimensional composite analyses. All elements emplov
the 20-node THREEDSOLID clement formulation in ADINA
The thickness of the model was chosen to vicld the optimum
aspect ratio for the matnix elements and represents an average
of the matrix element side lengths A step change in matenal
properties occurs at the fiber-matnx interface

The fiber-matnx interface bond was charactenized as
cither perfectly bonded or completely debonded  The perfect
bond was modelled by the fiber and the matnx clements
shanng the nodes on the interface A complete fiber-matnx-
interface debond was modceled using the contact-surface option
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Finite element model of the
Jnidirectional [0}, composite
Lystem.

Figure 2

Finite element model of the
N190), cross-ply  composite
sysiem

Figure *

in ADINA. This approach required pairs of coincident nodes
at the interface. One node is used in the eleme... connectivity
of th. matrix and the other for the fiber. The contact surface
permits compressive lords nor..al to the surface to be
transmitted across the interface without violating compatibility
between the tiber and matnv  To properly define the contact,
the midside nodes w.ic deleted from the clement faces on
which contact surfaces were applied. Finite element contact
algorithms are typically not equipred to handle midside
eleent nodes. The ADINA contact algerithms require that
midside nodes be removed if compatibilin Setween contacting
surfaces is to be strictly enforced. The coefficient ot fnction
between the two surfaces was set to zero in keeping with the
zero-bond-strength assumption. This assumption is consistent
with that of other composite modeling efforts |8,17,33).
Symmetry boundary conditions are imposed on the three
negative faces of th: model. The onentation of the fiber
coincides with the x-axis. The displacements of 1.odes on the
negative x-face are confined to the v-z planc. The
displacements of nodes on the negative y-tace are contined to
the x-z plane. Similarly, the displacements of nodes on the
negative z-face are confined to the x-y plane Al nudes
belonging to the positive x-face are constrained to have the
same axial displacements. This boundary condition 15 used to
obtain the behavior in a nominal layer of the composite and
satisfy compatibihty. The nodes belonging to the positive y-
face arc constramed to have the same y-displacements

Similarly, the r des belonging to the positive z-face are
cunstrained to have the same z-displacements. The latter two
boundary conditions serve to satisfy compaubility
requirements. The modeling of the perfectly debonde 1 ber-
matnx nterface introduces some difficultly in the dctinition
of the boundary condition for the x-displacement of plaic
sections to remain planc. This difficulty is particular to
ADINA and is addressed in the Appendix.

It is important to notc that use of the above boundary
conditions in the modeling of imperfect fiber-matnx interfaces
can introduce physically unrealistic behaviors. The above
boundary conditions used to capture the response of a nominal
layer of the composite will antificially hold the fiber in place
when complete interface separation occurs. This behavior is
physically un.easonable as complete mterface separation
would allow the fiber 10 move independently of the matnx
Thus, these boundary conditions carry the inherent assumption
“at due to varying gripping along the length of the fiber. the
fiber is never free to move independently from the mainx

The finite element mesh of the [0:90], composite in
Figure 3 represents 1 .6 of a unit ¢¢ll and takes advantage of
the symmetry found in a complete [0/90]; unit cell. The fiber
is modeled using 96 elements and the matnx is modeled with
“1 elements. The mesh density is based upon that uscd in the
three-dimensional [0], modeling. However, the computational
resout.es required to cor plete the |vj, modeling were
significant. This fact had to be considered when developing
the [0:90], models.

The deptl.z ~f the finite elements uscd in the cross-ply
model were extended to lengths equal to the length of a side
of one-quarter of a unidirectional umit cell. Finite elements
used in the transition between the [0] and [90] fiber
ofivrtations were degenerated to allow mating of [0] and [90}
unit cells which make up the complete cross-ply model The
mating of the [0] and [90] unit cells 15 accompitshed using 20-
nodded THREEDSOLID elements located at the midpomnt of
the two fiber ontentations  Most elements employv the 20-
nodded THREEDSOLID efement formulation  The exception
occurs  with the use of 12 degenerated  16-noddud
THREEDSOLID elements used to complete the [0] to [90]
transition. The correlation of the numencal and expenimental
results presented iater justify t¢ :ppropnateness of the cross-
ply model resented herc.  The displacement boundan
conditn  ; arc analogous to those used for the umidirectional
model. The model also considered the weak and utrong
interface conditions as descnbed  previously  for  the
unidirectional model

S, Analysis Conditious

A senies of stran-rate control simulations were performed
for each of the interface bond conditions  'he composites
were subjected to the m-nufactunng proce. 1ollowed by a
stram-rate contro} tensile to ¢ at ether 23 or 650 € The
manufactuning process assumed a onc-hour linear cooldown
from the consohdation te~.peraturc to room temperature  For
tensile tests performed at 23 C. the pull was done immediately
following the manufactunng process. For the 650 C tensile
tests, a reheat from rom temperature to 650°C was performed
before puliing  For the unidirectional composite, the matenal
response was invesugaled for displacement loads i and
normal-to the fiber direction The cross-ply pull was such b ¢
ity a1 line with the 0 -fibers and normal * .+ the 90 -fibers
To cxplore the influcnce of the reaidual stresses resulting from
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Figure 6 Fiber/matnx debonding in a
unidirectional composite loaded
normal to the fiber direction

the manufactunng process on the overall response, some
tensilc tests were run  without first simulating the
manufacturing process.

6. Unidirecional Composite Results

The numencal investigations of the unidirectional
composite syste were conducted as outhned sbove. The
effect of the residual stresses on the overall response was
mmmimal.  Figure 4 shows the unidirectional composite
response {0 the axial loading at 23°C  The highest stress level
is observed in the system with a perfect bond and no residual

0000 gonz 0004 0 € 4008 ()

Si{romn
Figure 7 0° lamina response at 650°C.

stresses (PB w/o RS). Although 1t 1s unrealistic to expect
such a case to exist following consolhidation, this model
represents an upper limit of the composite response. The
inclusion of the residual stresses due to consolidation with the
perfect bond (PB w: RS) results in 4 reduction of the overall
stress level. This redu-‘ton is a direct result of the initiation
of matnx yield at lower strains due to the tensile residual
stresses in the fiber direction.  The inclusion of the
fiber/matrix contact surface with the residual stresses (FMCS
w/ RS) yields the same result as that without fibermatnx
contact. This result is expected as a direct result of the
boundary condition that constrains the fiber and matnx to
move together in the axial direction such that the axial face
remains plane.

The unidirectional composite response for a displacement
load nommal to the fiber is shown in Figare 5. In this figure
it is observed that the residual stresses serve to increase the
overall stress response of the system when pertectly bonded
unidirectional specimens are transversely loaded. The matnx
stress state following consolidation 1s tensile in the fiber
direction. The resulting 3-D state of stress requires the
application of additional stress in the lateral direction to
counter the tensile stress in the fiber direction before vielding
can occur. This stress is more than would be necessary in a
stress-free matrix. The response of the completely debonded
composite to the transverse load s far less than the bonded
spectmens due to the inabiity of the debonded matnx to
transfer loads to the fiber  The resulting response 1s
essentially controlled by the mechanical behavior of the matnx
matenial Figurc 6 shows the fiber:matnx debonding observed
in unidirectional systems transversely loaded in the y-
direction

The results of the unidirectional tests conducted at 650 C
closely parallel the behavior observed at room temperature in
the same system. The clevated-temperature stress-strain
response for the composite 1s naturally less than the room
temperature response. However, the predicted tensile behavior
1s much the same for cach of the loading conditions
considered. Figure 7 shows the results of the clevated-
temperature response for loading in the fiber direction. Once
again it is observed that the highest stress is observed i the
perfectly bonded interface model without residual stresses
However, the inclusion of the residual stress state in both the
perfectly bonded and debonded analyses has only a smali
cffect on the overall response as compared to what was
observed at room temperature At the clevated temperature
the matnx residual stress resulting from the thermal mismatch
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of the fiber and matrix has been reduced It is noted that the
elevated temperature response is largely fiber dominated.
Figure 8 shows the results of the unidirectional composite
responses to the transverse loading at 650°C. Not unlike the
behavior observed at room temperature, the inclusion of the
residual stress in the perfectly bonded model increases
composite stress levels relative to the residual-stress-free
model. The debonded model with residual stresses shows
once again a significant drop in the stress-strain response due
to the inability to transfer tensile matrix loads to the fiber

7. Cross-Ply Composite Results

The {1790}, cross-ply compasite system was investigated
at 23 and 650°C as discussed previously Figure 9 shows the
results of the evaluations completed at 23°C. The perfectly
bonded cross-ply composite responses. with and without
residual stresses, at 23°C are quite simtlar. The effect of the
residual stresses on the response of the perfectly bonded
composite 1s a shight decrease in stress level caused by matnx
ytelding at a lower strain than would occur in their at.ence
In an overall sensc, the matrix residual stresses developed
dunng the consohdation process have a detnmental cffect
This reduction can be interpreted as the onset of yielding in
the O direction 1s greater than the mcrease in yield strength
in the 90" direction  The perfectly debonded model with
residual stresses shows the least stress level of all in the set of
simulations A companson of the three analvtical results with
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Figure 11 FEM and experimental [0/90],
laminate response at650°C as a

function of strain rate

expenimental data provided by the NASA Lewis Research
Center indicates the completely debonded analvsts is the most
realistic. The good correlation at 23°C  between the
expenmental data and the analyvtical model of [0'90); svstem
with completely debonded interfaces and with the inclusion of
residual stresses mayv be indicative that the actual matenal
interfaces are very weak following consolidation, 1 e the bond
ts essentiallv only a mechanicai one

Figure 10 shows the results of the cross-plyv analyses
conducted at 650°C and a stram rate of 1x10* s’ At this
clevated temperature, the response is rate-dependent  The
results exhibit the same behavior observed dunng the room
temperature analyses. However, the more distinct separation
between the perfectly bonded models with and without
residual stresses 1s once again mdicative of the weakened
matnx at elcvated temperature and the increased role of the
fiber. As before. the completely debonded model with
residual stresses shows the lowest stress level The agreement
between the analyvtical and expenimental results 1s essentially
as pood as was obserned at 23 € The shape of the
cxpenmental stress-strain curve indicates an evolution of
damage This damage cvolution mav be due to the
development of microcracks and microvoids i the matnx
matenal It may also bhe a consequence of fiber-matnx
debonding

Figure 11 shows the resulis of the cross-ply analvscs at
650 C as a function of stramn rate Al these simulations




include the residual stresses developed dunng consolidation
and completely debonded interfaces. The simulations predict
that the stress level is a function of the applied strain rate
The simulation and experimental data at 1 x10™ s correlate
fairly well. Thus, it can be concluded that to properly model
the material response a strain-rate sensitive constitutive theory
should be used.

8. Conclusions

Three-dimensional finite element models were used to
investigate the influence of residual stresses and interface
bond condition on the macroscopic response of two composite
layups. The thermomechanical behavior in {0], and [0/90],
lavups of the composite system is a function of residual
stresses and the level of fiber-matnix interface bonding.
Depending on the direction of the applied tensile load, the
iesidual stresses developed during cooldown from the
consolidation temperature will either slightly increase or
dec.case the macroscopic stress-strain response as compared
to the same response in the absence of these residuals  The
influence of a debonded interface as given by the loss of any
chemical bonding 1s a major when the applied strain is normal
to a fiber

For the titanium-based metal matnx considered in this
study. the use of a completely debonded fiber-matnix interface
matched expenmental data at 23 and 650°C very well. This
correlation suggests that the interface is sigmficantly weak
following the consolidation process for the composite system
investigated in this study

The composite response at 650°C was shown to be strain-
rate dependent. Thus, the use a rate-dependent constitutive
theory is critical for numencally investigating the
thermomechanical response of the composite.
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11. Appendix

The use of a contact surface in ADINA requires the
definition of a target surface and a contactor surface. In this
case, the face of the matrix at the interface is defined as the
target and the face of the fiber at the interface is defined as
the contactor. However, ADINA does not allow
displacements to be prescribed for nodes belonging to a
contactor surface. Thus, fiber-clement nodes located at the
fiber-matnix interface and on the positive x-face of the model
could not be constrained to have the same axial displacements
as other nodes on the face. The failure to constrain these
nodes would have resulted in an analysis that did not represent
the behavior of a nominal layer of the composite.

The appropriate constraint of the contactor nodes was
achieved through the use of short and rigid beam elements.
The two-nodded beam clement in ADINA is a 12 degree-of-
freedom (DOF) element allowing displacements and rotations
at each node. Al rotational DOF's were inactive when used
in conjunction with the THREEDSOLID e¢lement type. The
short and ngid beam clements were defined as outward
normals to the positive x-face of the model using the contactor
nodes of the fiber and partner nodes located slightly above the
positive x-face. The nigid beam element modulus was set to
4 =10 MPa and is roughly two orders of magnitude stiffer than
the SCS-6 fiber at room temperature. This value of the
modulus was chosen because it is sufficiently farge to truly
represent a stiff member without impacting the stability of the
overall finite clement solution. The partner nodes to the
contactor nodes used to define the beam elements were all
constrained to have the same axial displacements as the other
nodes on the positive x-face as shown by Figure 12. This
figure provides a close-up view of the fiber-matrix interface
region. Thus, by use of the rigid beam elements, the contactor
nodes had axial displacements consistent with the modeling of
a nominal layer of the composite.

Schematic of rigid beam etement
used 1o satisfy axial compatibility
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CRACK GROWTH UNDER CYCLIC LOADING IN FIBRE REINFORCED TITANIUM METAL MATRIX
COMPOSITES

P Bowen
School of Metallurgy and Materials/IRC in Materials for High Performance Applications,
The University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

ABSTRACT

This review paper considers the experimental
characterisation of crack growth from unbridged defects
in fibre reinforced titanium metal matrix composites
subjected to cyclic loading by the use of fracture
mechanics parameters. The conditions under which
parameters such as the nominal applied stress intensity
range, AKapp, the nominal maximum stress intensity
factor, Kmax, and the effective stress intensity range,
AKeff, are of use, and their experimental measurement
are considered. Effects of fibre fracture, stress intensity
factor range, mean stress, loading configuration (bending
versus ension), test temperature, and fibre-matrix
interfacial strength on fatigue crack growth resistance
are highlighted. Finally, a possible approach to the
prediction of crack arrest in such composites is outlined.

1. INTRODUCTION

At present, there is considerable interest in silicon
carbide fibre reinforced titanium metal matrix
composites for use in aerospace applications at elevated
temperatures. In the longer term, matrix alloys based on
titanium atluminides may offer the potential for use at
temperatures of upto 9000C, but for the present there are
lower temperature applications where more conventional
titanium alloys are suitable for use as the matrix phase.
These composites are expensive to produce and to justify
their use it is esserual to utilise their mechanical
properties ful:y. Commercially available
unidirectionally reinforced materials at ambient
temperatures may have longitudinal tensile strengths in
excess of 1600 MPa, and they can exhibit fatigue
lifetimes of better than 104 cycles when stressed at upto
75% of their longitudinal tensile strength,

Under such envisaged loading conditions it is imperative
to establish their “fitness for purpose” and reliability.
Indeed, to utilise their potential fully it is necessary to
develop realistic methods of assessment of damage and
validated lifing procedures. It is natural, in view of their
envisaged substitution for monolithic alloys in many
cases, to consider the use of fracture mechanics
paramelers including the fracture toughness, stress
intensity factor range, and integrated crack growth rates
for the prediction of fatigue life. Such parameters are
not usually applied to characterise damage in fibre
reinforced composites, but it is important to recognise
that many studies have established in these titanium
MMCs that localised dominant cracks can develop
under cyclic loading (1-6), Examples are shown in
Figure 1. Such obscrvations give confidence that a

fracture mechanics based approach may be of use
provided that effective crack-tip stress intensitics can be
determined, and such evaluation is the subject of many
numerical micromodels (7-13). In such models the
influence of bn'dfing length scale” must be cunsidered
carefully (6, 14-16)

The purpose of this paper is to address some of the
issues that relate to the characterisation and predictive
modelling of crack growth resistance from an initial
unbridged defect subjected to cyclic loading. In
particular the cxperimental determination of factors that
control crack growth resistance will be considered.

2. EXPERIMENTAL STUDIES
2.1. Materials

Commercially available titanium alloy/silicon carbide
fibre composite systems: Ti-15-3/SCS6; Ti-6Al-4V/
SCS6; Ti-6A1-4V/SM1240; and Ti-B215/SCS6 have all
been studied. Details of all systems are given elsewhere
(3-6. 16-20)  Here, it is noted that all composites
reinforced with SCS6 fibres have a nominal fibre
volume fraction of 0.35, while those reinforced with
SM1240 fibres have a nominal volume fraction of fibres
of 0.31. In the metastable B systems ageing treatments
have been found to increase the interfacial strength. In
most cases unidrectionally reinforced materials only
have been considered, but initial tests on cross-ply
laminates are nov 'n progress and results obtained on
the Ti-6A1-4V/SCS6 cross ply laminate system rein-
forced to a nominal fibre volume fraction of 0.35 arc
also reported.

2.2. Fatigue crack growth resistance curves

To date, most tests have been confined to single-edged-
through thickness notch testpieces in bending, but
comparisons for some systems have now been made
with single-edged notch testpieces in tension-tension
loading. Iniual normalised noich depths of between 0.05
and 0.25 have been considered, where the notch depth is
normalised to the testpiece width. Crack growth was
monitored using the direct current potential difference
technique. In many cases, care is required to establish
appropriate calibration curves of normaliscd potential to
normalised crack depth because of the small size of
testpicce under consideration 19/,

Tests have usually been performed using a constant
cyclic load range, AP. Thercfore, the nominal applicd
stress intensity range, AK app. increases with increases
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in fatigue crack length. Crack growth resistance curves
can be uscfully representcd under such testing conditions
by plotting crack growth rate per cycle, da/dN, versus
either AKapp or total crack length. Servo-hydraulic
testing machines, operating at test frequencies of up to
10Hz, have been used throughout these programmes.
Since these tests in bending require very low loads, the
largest load-cell employed was rated to 10kN. [Under
tensile - tensile loading a 100kN load cell has been
utilised. Note that hydraulic grips are required 10
perform tests under cyclic tensile loading on these
materials]. Load ratios of both R=0.5 2~ <0.1

(where R=Pmin/Pmax and Pmin, Pmax a.< the minimum
and maximum loads applicd over the fatigue cycle
respectively) have been considered.

A methodology of evaluating crack arrest for a given
geometry of specimen and initial unbridged defect has
also been developed (16.25) 1t involves, for a given
mean stress and a single composite system, testing a
range of initial AKypp values until crack arrest (defined
as da/dN < 10-8 mm/cycle) has been achieved under a
constant cyclic load range. It is imporant 1o note that
multiple tests are required since once the crack is
bridged by fibres then comparisons between testpieces
are valid only if the testpiece gcometry (including
unbridged to bridged scaling length) is similar and even
then great carc is necessary.

2.3. In-situ determination of fibre fracture during
cyclic loading

Early studics deduced the onset of fibre fracture from
audible emissions and raé)id voltage excursions observed
during crack growth (4.21)_ Such events have now been
quantificd by the in-situ use of both acoustic emission
and direct opucal obscrvation of the failure of (surface)
fibres during cyclic loading. A commercially available
PAC LOCAN AE analyser has been used, and under the
conditions of use, fibre fracture is characierised by
amplitudes of 2 90dB. Details of this system and

analysis are given elsewhere (22,23),

2.4. Evaluation of fibre-matrix interfacial strength

Early studies employed micro-hardness push-out tests,
(5. 19) put recently a continuous load-displacement fibre
push-out test has been developed at the University of
Birmingham. A remotc high resolution optical telescope
and video recording system have been used to monitor
the behaviour of the individual fibres during the
push-out tests. Details are given ¢lscwhere, (20) pyt
here it is sufficient to note that such a system allows
both the debonding shear stress and the frictional shear
stress of the (debonded) interface to be evaluated.

In general for the systems studicd to date the value of the
frictional shear stress appears to be higher than that of

the debonding shear stress.

The wide range of asscssment techniques employed
during these studies have allowed micromechanisms of
crack growth in fibre reinforced composites to be
elucidated, and they have also highlighted many
important factors for controlling crack growth resistance.
A sclection of some of these results is now presented.

3. GENERAL CHARACTERISATION OF THE
FATICUF CRACK GROWTH RESISTANCE
CURVE

In monolithic Ti-6Al-4V material (manufactured by a
foil-foil processing route similar to that used for many of
the composites under study here), a characteristic fatigue
crack growth resistance curve is obtained, see Figure 2.
For AK > 4.5 MPam!/2, the curve can be represented
well by a Paris-Erodgan relationship of the form

da/dN = CK™, where C and m arc numerical constants,
equal to 9.2 10-9 mm/cycle and 3.12 respectively (for
AK in MPam!1/2) (11)

In sharp contrast for the Ti-6Al-4V/ SM1240 composite
system, the dependence of crack growth rates observed
experimentalily da/dN is shown versus total crack length,
Figure 3, for an initial AKapp of 7.5 MPam /2, At this
stress intensity range, crack growth rates decrcase with
increascs in fatigue crack length until crack arrest is
obtained, despite the increase in nominal stress intensity
range with fatigue crack length increase (because these
tests are performed at constant cyclic load rangc:).(1 1)

Such observations are quite general in all systems
studicd to date, where crack growth increments per
cycle, da/dN, usually decreasc initially with crack
length increasc ahead of the initial unbridged defect.
Examples are given in Figures 3 - 6. These decreases
in crack growth rates are despitc an increase in nominal
applied stress intensity range, AKapp, with crack length
increase. An explanation for this unusual crack growth
behaviour is given by considering optical sections
through interrupted fatigue crack growth tests, sce
Figure 1. The micromechanism of crack growth is well
characterised by initial crack growth through the matrix
which breaches (debonded) fibres in its wake. In studics
to date no fibres have been observed to fail ahead of the
growing fatigue crack tip). The bridging fibres then
reduce the effective stress intensity at the growing crack
tip, AKcff, and if no (or very few) fibres fail then crack
growth rates decrease cventually to crack arrest defined
here by da/dN < 10-8mm/cycle. The balance between
sub-critical crack growth and catastrophic failure will be
governed primarily by the number of fibres remaining
intact within the crack wake, sec Figure 1 and Table 1.
In all tests performed to date crack growth cither arrests
cventually or catastrophic faiture occurs (defined by the
symbol &% in all Figures).




A second general feature of all tests to date is that the
failure of discrete fibres often sharply increases local
crack growth rates, see Figure 7, where the failure of
fibres has been identified unequivocally by acoustic
emission techniques. (For reference a complete
amplitude distribution for events detected during this test
is gtven in Figure 8). Note to measure such local
increases in crack growth rate it is essential to monitor
crack growth rates by continuous potential difference
techniques. Further examples are given in Figure 9, and
Figure 10 (following monotonic overloads to fracture
individual fibres). The sharpest increases in local
fatigue crack growth rates are observed at near crack
arrest growth rates, and the magnitude of these growth
rale excursions is also in part determined by the precise
secant method employed to determine crack growth
rates. These observations indicate that to model these
systems the fibres must be considered as discreie entitics
(11-13) Moreover, many tests have illustrated that
fibres may fail after extended cycling in near crack arrest
regions, (sec Figure 4) and which may plausibly be
interpreted as a result of changes to fibre-matrix
interfacial regions with cycling.

The paper now considers some specific experimental
observations which indicate controlling features of thesc
composite systems when subjected to cyclic loading in
the presence of a through-thickness unbridged defect.

3.1. Effects of test temperature

In tests performed to date at elevated temperatures crack
growth rates usually increase relative to those measured
at room u:mpcralurc(”' 18). However, a fL.l picture of
the influence of test temperature on testpiece life and/or
crack arrest has yet to emerge, and it is expected in part
to depend upon the influence of test temperature on the
fibre-matrix interfacial strength. Certainty in systems
which can age during testin, younced effects of test
temperature and test frequency are obscrved, see Figures
11 and 12 respectively for Ti-15-3/SCS6 composites in
the solution treated condition. For an initial AKapp level
of 16 MPam!/2 crack arrest is observed at room
temperature only, Figure 11. As the test temperature is
increased, crack growth towards arrest is interrupted by
sharp-crack growth rate cxcursions, and catastrophic
testpiece failure occurs eventually. In general, crack
growth rates increase with increased test temperature
and catastrophic failure occurs at decreased crack length,
sce Figure 11. This is reflected clearly in the number of
cycles to failure as a function of test temperature, se¢
Table 2. More subtle effects of test frequency are also
obscrved at the test temperature of 500°C, sce Figure 12.
In gencral, the poorer crack growth resistance of the
composiles that is displayed at clevated temperatures
requircs both faster matrix crack growth rates and easier
fibre fracture (consistent with an increased fibre-matrix
interfacial strength on ageing), but further work is
required to establish such observations fully.
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For Ti-6A1-4V/SCS6 composites such effects of elevated
temperature on crack growth behaviour are less clear,
see Figure 13. Crack growth rates are once more
increased at the test temperature of S50°C relative to
their respective room temperature values, and lower test
frequencies promote increased crack growth rates.
However, in this system catastrophic failure occurs at a
longer crack length at the elevated temperature. Note
that this observation is rationalised by the fact that crack
bifurcation away from the maximum mode I opening
direction occurs at the test temperature of 550°C for this
composite system alone and is consistent with a reduced
effective fibre-matrix interfacial strength at this elevated
lcmperalure(26).

These preliminary observations indicate the potential
complexity of the behaviour of these composites at
elevated temperatures. Some confidence in the
repeatibility of the types of testing carried out here can
be gaincd from Figure 14 and Table 2 which indicates
only a factor of two difference in total life for similar
testpieces, and closely similar crack growth resistance
curves are observed for all three testpieces.

3.2. Effects of fibre-matrix interfacial strength

After peak ageing the interfacial surength of the 2158/
SCS6 composite system increases significantly,
compared with solution-treated or as-processed
conditions. Values of the debonding shear stress
increase from approximately 80 1o 120MPa, and values
of the frictional shear stress (after debonding) increase
from 100 to 180 MPa. Moreover, the number of cycles
to faiture decreases sharply from a minimum of
1,800,000 for as-processed and solution treated
conditions to 88,000 for the peak aged condition. These
studies are reported elsewhere, (20) put here it is noted
that the initial stress intensity factor range was sufficient
1o promote fibre failure in all conditions. Under these
circumstances an increase in interfacial strength would
be expected to increase the incidence of fibre failure and
hence to promote carlier catastrophic failure, because the
fibres will be more highly stressed as a result of more
efficient load transfer.

3.3. Effects of loading geometry

Figure 4 suggests that crack arrest can occur more
readily under cyclic tensile loading than under cyclic
three point bending, for tests performed under
identical initial AKapp conditions. However, this
can be shown to be a function primarily of the

rate of increase in stress intensity range with crack
increment by matching the rate of nominal

AKapp increase for cach geometry. (This is
achieved simply by load range shedding for the tensile
geometry and load range increascs for the bending
geomctry after appropriate crack depth

increments).

y -
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Under such conditions, similar crack growth behaviour
can be produced for each testpiece geometry, and this
illustrates the usefulness of even nominal stress intensity
parameters in characterising crack ﬁmwlh in
geometrically similar tesipieces (24).

In this context the influence of testpiece size is expected
to introduce further significant effects and is the subject
of continuing studies.

34. Effects of mean stress

In general, two different regimes of behaviour can be
distinguished under equivalent AKapp conditions, and
they appear to depend upon whether increascd mean
stress promotes major instances of fibre failure. In
situations where crack arrest will eventually occur at
both mean stresses Figure S, the influence of mean stress
can be seen only to promote crack growth to longer
crack lengths (i.e. an increased number of load cycles
occur prior o arrest). This may be the result of minor
instances of fibre failure, but is more likely in gencral to
be simply a consequence of decreased threshold valucs,
AKh, which often result in monolithic alloys at
increased mean stress (17).  In other examples, cracks
can grow towards arrest at low mean stress conditions,
R = (.1, but can grow to catastrophic failure under
equivalent AKapp conditions at high mean stress,

R = 0.5, sce Figures 6 and 15. In such situations little
cffect of the higher mean stress is observed on crack
growth rates prior to catastrophic failure. In general,
bridging fibre failure is deduced to occur more readily at
high mean stress because they will be required to resist
greater local crack opening displacements during the
load cycle. However. an important feature is that as
each fibre is siressed more highly it will exert a higher
clampback stress across the crack surfaces in the wake
of the crack provided it does not fail i.e. it is both more
polent al shielding the crack-tip and closer to reaching
its fibre fracture stress in tension. Such considerations
are inherent to numerical and analytical micromodelling
studies and are discussed elsewhere(®. 11-13) g
sumary, care is required 1o asscss the effects of mean
stress in these fibre reinforced composites.

3.5. Effects of initial applied stress intensity range

For a given depth of initial unbridged crack (notch)
cxamples of the influence of AKapp on crack growth
resistance are shown in Figures 16 and 17. In both
systems, crack growth rates are similar initially for both
levels of AKapp, but then crack arrest is obscrved for the
lower applied stress intensity range only. Such
ohscrvations indicate the delicate balance than can
sometimes exist between promoting crack arrest and
catastrophic failure in these composites(4:17).

Recently, further systematic studies have considered
both effects of mean stress and imtial applicd stress
intensity range for a8 constant initial unbridged defect

size and a single composite syslcm(16'25 ). These
studies have resulied in a simple model for the
prediction of fibre failure for testpieces of a specific
geometry and for the given composite system
(Ti-6A1-4V/SM1240). This is reported elsewhere in
more detail (16), but some of the results are also
summarised in Table 3. Since crack arrest occurs if few
fibres fail, then provided Kmax valves (where Kmax 18
the maximum nominal stress intensity factor applicd
over the fatigue cycle) after the first row of breached
fibres are kept below 27.5 MPam!/2 then crack arrest
will be predicied, and is consistent with the experimental
observations in this single system. It is of interest 1o
note that such values of Kmax that can be tolerated vary
with composite system for testpieces of identical
geometry, and are greatly reduced for a 0/90 cross-ply
laminate (which has only half the number of 00 bridging
fibres present for an equivalent increment of crack
depth), see Table 4.

It 1s important to note that such an approach implicitly
includes a bridging scale length argument because the
crack depth increment to breach the first row of fibres
will be constant for a given fibre architecture. Thus the
model can account casily for the experimental
observations, Figure 18, that a smaller initial unbridged
normalised crack depth, ag/W (where W is the testpicee
depth), can be more damaging than a larger unbridged
defect when tested under an identical initial stress
intensity range AKapp (=18 MPasz). This ts simply
because the fixed absolute increment of crack depth
required to breach the first row of fibres will produce a
larger incrcasc in Kmgx for the smaller iniual crack.
The approach has clear potential to produce crack arrest
maps.

4. GENERAL DISCUSSION

Several factors that may control crack growth resistance
have been demonstrated experimentally. Although no
unique relationship between an applicd nominal stress
intensity factor range and crack growth rate can be
defined, it is hoped that the use of parameters such as
AKapp and Kmax to characterise crack growth

resics ¢ for specific testpiece geometrics has been
il .cd. Morcover, the beginning of a predictive
model to address crack arrest has been outlined. Tt
considers the failurc of fibres to be controlled primarily
by the level of Kmax applicd after they have been
breached by matnx crack growth (a quanutative
description will require local crack opening
displaccments under load and detailed numencal
micromodclling). and the extent of fibre failure
determines the integrity of the composite.

This approach, in principle, can be applicd to a wide
range of fibre architectures, crack sizes, shapes and
geometries of testpiece (components). It avoids many ol
the problems inherent to the modelling of actual crack
growth rates prior to catastrophic farlure, but further




work is required to establish if such crack arrest maps
are unduly pessimistic with respect to lifing of actual
components.

The degree of complexity inherent to crack growth
resistance in these materials should not be
underesumated. Effects of interfacial strength, mean
stress, testpiece geometry and initial applied stress
intensity tactor range on crack growth resistance under
cyclic loading will always be significant if they alter the
balance of the number of bridging fibres that fail for

any given crack depth increment. Greal care is needed if
fracture mechanics concepts are to be applied Lo the
reliability of components containing a range of crack
shapes and sizes, and the approach will require both
predictive modelling and experimental validation. It
forms the basis of much current research work within the
group.

5. CONCLUSIONS

Dominant localised fatigue cracks are produced from
unbridged defects in fibre reinforced titanium alloy
composites subjected to cyclic loading. The growth of
these cracks can be characterised by the use of fracture
mechanics parameters and their experimental
measurement has been considered. Crack growth
resistance is controlled by the number of intact fibres
bridging behind the growing fatigue crack-tip in its
wake. Effects of test temperature, interfacial strength,
applied stress intensity factor range, mean stress and
testpicce geometry on crack growth resistance will be
marked if the balance of the number of bridging fibres
that fail for a given increment of matrix crack growth is
altered. For specific testpiece geometrics and fibre
architecture, the onset of fibre failure appears to be
controlled by the maximum nominal stress intensity
factor applied over the fatigue cycle.
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Number of Bridging Fibres Kmax (nominal) Type of Event

(MPavm)

Remaining Intact
8 39
12 64
26 66
21 80
16 51
7 64

Catastrophic Failure
Catastrophic Failure
No Growth
No Growth
No Growth
Catastrophic Failure

Table 1. The importance of the number of bridging fibres intact in the crack wake on
stable/unstable crack growth transitions (T i-6A1-4V/SCS6)(4.21),

25°C
R=0.1 10.0 Hz Crack arrest
R=05 10.0 Hz Crack arrest

20Hz
0.5Hz

200°C 350°C 500°C
1354 700

697 800 323 600 38400
201 900
167 200

12 000

147 000 16 200

Table 2. Comparison of the numbers of cycles to specimen faiture for tests conducted at different
temperatures, load ratios and frequencics for an initial AKapp ~ 16 MPam1/2

(Ti-15-3/sCS6)(17),




Stress initial AK
Ratio (MPavVm)
0.5 12.1
0.5 13.8
0.1 223
0.1 250

Table 3. Effects of mean stress; initial AKjy,
on crack growth resistance (Ti-6Al-4V/SM1240

Matenial

Ti-6A1-4V/SCS6

Ti-B21S/SCSL

Ti-15-3/SCS6

Ti-6A1-4V/SCS6

(090 laminate)
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initial Kmax Kinax after 1<t row fibres Test Result
(MPaVm) (MPaVm)
242 25.8 Crack Arrest
276 29.8 Catastrophic Failure
248 275 Crack Arrest
278 30.2 Catastrophic Failure
» Kmax; Km

Kmax after first row of
fibres
(MPam 1/2)

225
28.8

39.6
406
456

350
422

15.0
19.8

after the first row of fibres;
)(16),

Test Result

Crack arrest
Catastrophic failure

Crack arrest
Catastrophic failure
Catastrophic failure

Crack arrest
Catastrophic failure

Crack arrest
Catastrophic failure

Table 4. Comparison of experimental observations of crack growth behaviour related o
Kmax after the first row of breached fibres(16.25)




Crack growth rate, da/dN (mmy/cycle)

Figure 2. Crack growth resistance curve: da/dN versus AK, R=0.1, u=0.5Hz. Monolithic Ti-6A1-4V alloy, ambient

Figure 1. Optical micrographs of sections through interrupted fatigue crack growth:
(a) Ti-6A1-4V/SCS6; (b) Ti-15-3/SCS6.
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Figure 3. Crack growth resistance curve: da/dN versus crack length for initial AKapp =
7.5MPvm, R=0.5, v=10Hz. Ti-6Al-4V /Sigma composite, ambient iemperature.
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Figure 4. Crack growth resistance curves: da/dN versus total crack length for initial AKapp 17MPam /2, R=0.5,
v=10Hz. Ti-15-3/SCS6 composite, solution treated, and tcsted at ambicnt tempcerature under cyclic
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Prediction of Thermal and Mechanical Stress-Strain Responses of TMC's
Subjected to Complex TMF Histories

W. S. Johnson and M. Mirdamadi
NASA Langley Research Center -
MS 188E
Hampton, VA 23681
USA

1. SUMMARY

This paper presents an experimental and
analytical evaluation of cross-plied laminates
of Ti-15V-3Cr-3Al-38Sn  (Ti-15-3) matrix
reinforced with continuous silicon-carbide
fibers (SCS-6) subjected to a complex TMF
loading profile. Thermomechanical fatigue
test techniques were developed to conduct a
simulation of a generic hypersonic flight
profile. A micromechanical analysis was
used. The analysis predicts the stress-strain
response of the laminate and of the
constituents in each ply during thermal and
mechanical cycling by using only constituent
properties as input. The fiber was modeled
as elastic with transverse orthotropic and
temperature-dependent  properties. The
matrix was modeled using a thermo-
viscoplastic constitutive relation. The fiber
transverse modulus was reduced in the
analysis to simulate the fiber-matrix interface
failures. Excellent correlation was found
between measurcd and predicted laminate
stress-strain  response due to generic
hypersonic  flight profile when fiber
debonding was modeled.

2. INTRODUCTION

Titanium metal matrix composites, such as
Ti-15V-3Cr-3A1-3Sn  (Ti-15-3) reinforced
with continuous silicon-carbide fibers (SCS-
6), are being evaluated for use in hypersonic
vehicle structure where high strength-to-
weight and high stiffness-to-weight ratios are
critical.  This material system has the
potential for applications up to 650°C.
However, at temperatures above 400°C,
titanium exhibits significant viscoplastic
behavior. Since the operating temperatures
of hypersonic vehicles airframe structure
surface are well above 400°C, the
viscoplastic behavior of the titanium must be

accounted for in an analytical evaluation of
titanium metal matrix composites (TiMMC).

The objectives of this research are to (1)
experimentally determine the stress-strain
response of a [0/90),, SCS-6/Ti-15-3
laminate due to the thermomechanical fatigue
(TMF) that will occur during hypersonic
flight profile testing and (2) verify an
analytical method to predict the measured
laminate stress-strain response, including
fiber-matrix interface failure.

Mirdamadi, et al. [1], used an analysis to
predict the  stress-strain  response  of
unidirectional  SCS-6/Ti-15-3  laminates
subjected to simple in-phase and out-of-phase
TMF loading. Good agreement between
experiment and prediction was found. This
paper summarizes results for a more complex
laminate, [0/90], , with a more complicated
TMF loading history [2].

3. MATERIAL AND TESTING
PROCEDURE

A [0/90],; SCS-6/Ti-15-3 laminate with a
fiber vofume fraction of 0.385 and a
thickness of 1.68-mm was used in the
present study. The SCS-6 fibers are
continuous silicon-carbide fibers having a
0.140-mm  diameter. The composite
laminates were made by hot-pressing Ti-15-3
foil between tapes of unidirectional SCS-6
silicon-carbide fibers held in place with
molybdenum wires. The Ti-15-3 matrix
material is a metastable beta titanium alloy.
Long exposures at elevated temperatures can
lead to the precipitation of an «-phase which
may alter the macroscopic mechanical
behavior of the Ti-15-3 [3]. Therefore, the
matrix and the con.posite in the present study
was heat treated at 650°C for one hour in air
followed by an air quench to stabilize the
matrix material. This heat treatment was the
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same heat treatment used by Pollock and
Johnson [4]. After the heat treatment, the
viscoplastic material properties of the Ti-15-
3 matrix at room temperature, 316°C,
4820C, 566°C, and 650°C were determined
previously [1]; additional properties were
also determined at 427°C [2]. It was
assumed that the matrix properties remained
the same from room temperature to 150°C
and that the fibers remained elastic with
temperature-dependent properties [2].

TMF spectrum testing was conducted on
straight-sided rectangular specimens, 152-
mm x 12.7-mm x 1.68-mm, cut using a
diamond wheel saw. Brass tabs (10-mm x
30-mm x 1-mm) were placed between the
end of the specimen and the grips to avoid
specimen failure in the serrated grips. The
brass tabs were not bonded to the specimens
but were held in place by the grips.

A TMF test capability was developed to
conduct hypersonic flight profiles.  The
temperature and the load spectrum of a
generic hypersonic mission flight profile are
shown in Figure 1. The letters shown in
Figure | will be used later for comparison
with stress-strain results. As shown in the
figure, the flight profile consists of both
isothermal and non- isothermal load cycling
at 1 Hz with hold umes at different
temperatures.  The thermal loading rates
during heating and cooling were 2.8°C/sec
and 1.4°C/sec, respectively.
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Figurc 1. Gencric hypersonic flight profile.

The TMF test setup consisted of a 100-kN
servo-hydraulic test frame with water-cooled
grips, a load profiler, a 5-kW induction

generator controlled by a temperature
profiler, and a nitrogen supply tank. The
load and temperature  spectra  are
independently controtled by load and a
temperature profilers. The i{emperature
profiler was modified to accept a command
signal from the load profiler to initiate
temperature spectrum at any desired point in
the load profile. More details on the TMF
test setup are given in [2]. Axial strains
were measured on the edge of the specimen
using a high temperature water-cooled quartz
rod extensometer with a 25-mm gage
length. An eight channel analog/digital PC
based data acquisition system was used to
record and store the test data. Prior to the
flight profile test, the specimen was
subjected to the temperature profile alone to
ensure thermal stability and synchronization
with the load profiler command.

4. ANALYTICAL METHOD

The stress-strain response of the [0/90],,
laminate was predicted using a
micromechanics analysis. The VISCOPLY
code, developed by Bahei-El-Din, is based
on constituent properties. The program uses
the vanishing fiber diameter (VFD) model
[51 to calculate the orthotropic properties of
a ply. The ply properties are then used in a
laminated plate analysis [6] to predict the
overail laminate stress-strain response. Both
the fiber and the matrix can be described as
thermo-viscoplastic ~ materials. The
viscoplastic theory used in the VISCOPLY
program was developed by Bahei-El-Din {7]
for high temperature,  nonisothermal
applications and is based on the
viscoplasticity theory of Eisenberg and Yen
[8]. The theory used in the VISCOPLY
program assumes the existence of an
equilibrium  stress-strain  curve  which
corresponds to the theoretical lower bound of
the dynamic response. The theory further
assumes that the elastic response is rate-
independent and that inelactic ratc dependont
deformation takes place if the current stress
state is greater than the equilibrium stress.
A more detailed description of the theory can
be found in Reference 2.

Combinations of thermal and mechanical
loads can be modeled. Sequential jous can
be run for varying order and rate of load and
temperature.  Fiber and matrix average
stresses and strains and the overall composite
response under thermomechanical loading
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conditions are calculated. Although not used
in the current work, the program has the
capability to model the fiber as a viscoplastic
material  with  transverse  orthotropic
properties.

A simple procedure was used to analytically
simulate the fiber-matrix interface failure
known to occur in the SCS-6/Ti-15-3
material. In room temperature fatigue tests
[9), a distinct knee was observed in the
stress-strain response at stress levels well
below the yield stress of the matrix material.
In the first cycle, this knee was found to
correspond to the stress required to
overcome the thermal residual stresses and
fail the fiber-matrix interface in the off-axis
plies. In subsequent fatigue cycles, the knee
was observed at a lower stress level, the
stress required to overcome the thermal
residual stresses in the matrix. To simulate
the fiber-matrix interfacial failure, the
transverse modulus of the fibers in the 90¢
plies was reduced for .'ress levels above the
stress level correspond:ng to the observed
knee in the stress-strain response of the
[0/90],, laminate at room temperature. In
elevated temperature fatigue tests, however,
no knee was apparent in the stress-strain
response [4] and it was assumed that fiber-
matrix interfacial failure occurred upon
loading. Thus, the fiber transverse modulus
in the 90° plies was reduced at the start of
loading for temperatures above 400°C.

S. RESULTS AND DISCUSSION

In this section, the experimental and
analytical results are presented. The
isothermal stress-strain responsc of the

[0/90], laminates is analyzed to assess the
eftects of fiber-matrix separation and loading
rates. The experimental results and the
theoretical predictions for the flight profile
are presented.

5.1 Isothermal Laminate Behavior

First, the appropriate reduction of the
transverse modulus of the fibers in the 90°
plies to simulate the fiber-matrix interface
failure was determined. At room
temperature the fiber-matrix interface failure
occurred at a stress level of 70 MPa
determined from the knee in the
experimental stress-strain curve [2]. At
427°C, it was assumed that the fiber-matrix
interface failed instantly upon loading. The
experimental and predicted stress-strain

1y-

response of the SCS-6/Ti-15-3 [0/90]
laminate at 427°C (stress rate of S =12§6
MPa/s) is shown in Figure 2. The
VISCOPLY correlations are shown for
various ratios of the fiber transverse modulus
to the fiber axial modulus (Ef/Ef) in the
90° ply ranging from 1.0 ¢ 0.001.
Multiplying the 90° fiber transverse modulus
by a factor of 0.1 produced very good
correlations at  427°C. The  room
temperature correlations for ef /E! =0.1
were also fairly good [2]. Therefbre, a
multiplication factor of 0.1 was used to
model fiber-matrix interface failure at -all
temperatures. This reduction factor may be
dependent on, fiber volume fraction,
processing parameters, fiber-matrix interface
strength, and fiber and matrix properties.
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Figure 2. Effect of reducing 90° fiber transverse
modulus on VISCOPLY predictions

Next, the effect of loading rate on the
predictions was examined. Figure 3 shows
the composite experimental stress-strain
response during the second cycle (i.e.,
subsequent to the fiber-matrix interface
failure of the 90° plies) at a stress rate of 10
MPa/sec at 650°C [4]. Included in the
figure are the VISCOPLY predictions with
fib r-n}a;rix interface failure of the 90° plies
(E  /E =0.1). The VISCOPLY prediction
at a rafe of 900 MPa/sec is also shown. The
900 MPa/sec rate corresponds to the loading
rate used in the hypcrsonic flight profile. As
seen in the figure VISCOPLY accurately
predicted the initial elastic modulus but was
somewhat less accurate at higher stress
levels. The predicted maximum strain was
7% smaller than observed experimentally.
The VISCOPLY prediction at the rate of 900
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MPa/sec resulted in a nearly linear stress-
strain  response. These comparisons
demonstrate the effect of the matrix rate-
dependent behavior on composite stress-
strain response.
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Figurc 3 Prediction of stress-strain response

of composite at 650°C

5.2 Flight Profile Behavior

In this section, the stress-strain response of
the laminate subjected to the flight profile
shown in Figure 1 will be analyzed and
compared to experimental results.
Predictions will be made assuming perfect
bonding of the fiber-matrix interface in the
90° plies and assuming failure of the 90¢
fiber-matrix interfaces. For clarity, during
the rapid cycling segments of the flight
profile (e.g., segments B, F, I and J in
Figure 1). only the first loading and last
unloading cycle will be shown in the figures.

One test was conducted applying onlv the
thermal history of the flight profile shown in
Figure 1. The measured thermal strains and
the VISCOPLY predictions are shown in

Figure 4. The measured thermal strains
match the applied temperature profile
previously shown in Figure 1 indicating

excellent control of the heating and cooling
rates. The thermal strain of the laminate was
accurately predicted by VISCOPLY.
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Figurc 4. Predicted and expenimental thermal
strains as a function of time.

The specimen was then subjected to the full
thermal and mechanical flight profile shown
in Figure 1 at 100% stress equal to 420
MPa. The stress-strain response of the fifth
repetition of the flight profile is shown in
Figure 5. The letters placed at various
locations on the stress-strain response can be
referenced back to Figure 1 to find the
associated point in the flight profile. The
horizontal portions of the predictions and the
experimental data indicate an increase in
strain due solely to temperature changes

while the mechanical loads were held
constant. The VISCOPLY predictions
assumed perfect fiber-matrix interface

bonding. As seen in Figure 5, VISCOPLY
predicted a stiffer response than  was
observed experimentally. The predictions of
the cyclic loads shown at locations F and 1
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Figure 5 VISCOPLY prediction of composite

responsc to the Mlight profile
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appear broad because the temperature was
changing. The experimental and predicted
creep strain during hold period at H was
very small. Predictions of the composite
response under the flight profile made with
simulated interface failure of the 90°¢ plies
are shown in Figure 6. The prediction
agreed wcll with the experimental behavior
when the intesjace failure was modeled as
previously discussed.
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Figurc 6 VISCOPLY prediction of composite
response to the flight profite

If the fatigue behavior of the laminate is to
be well understood and prediction
methodology developed, the behavior of the
composite constituents must be understood.
Picvious work by Johnson, et al. [9] showed
Zood correlation between the stress range in
the 0° fiber and the number of cycles to
failure of the laminate at room temperature.
More recently, Mirdamadi, et al. [1] used
the 0¢ fiber stress range calculated from a
micromechanics analysis to compare the
TMF data of Castelli, et al. [10], Gabb, et
al. [11], and the isothermal fatigue data of
Pollock and Johnson [4]. They determined
that for a given condition, the fatigue
strength of the 0°© fiber was controlled by a

combination of temperature, loading
frequency, and time at temperature.
Furthermore, for a given temperature,

loading frequency, and time at temperature,
the stress range in the (0 fiber controlied the
fatigue life. Bigelow and Johnson [12] and
Bakuckas, Johnson, and Bigelow [l13]
accurately predicted the static strength of
virgin specimens and fatigued specimens by
monitoring the 0 fiber stress. Therefore,
the 0° fiber stress (or strain) plays a major
role in the static and tatigue strength of
TiIMMC. Under isothermal loading

|y-=

conditions, the 0 fiber strain is equivalent to
the overall composite axial strain. However,
under non-isothermal loading conditions,
where the load and the temperature are
cycled, determination of the 0¢ fiber stress is
not straight forward and micromechanics-
based models are required to predict the 0°
fiber stress. Figure 7 shows the VISCOPLY
predictions of the 0° fiber stress as a function
of time during the flight profile.  This
prediction was made assuming fiber-matrix
interface failure in the 900 plies. Such
predictions are important when analyzing the
fatigue behavior of the composite and could
be used in a failure criteria.
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Figurc 7 VISCOPLY prediction of 0 fiber
stress under flight profile

6. CONCLUSIONS

A TMF test capability was developed to
simulate a generic hypersonic flight profile.
The VISCOPLY analysis was used to predict
the stress-strain response of the [0/90],,
SCS-6/Ti-15-3 laminate subjected to the
flight profile loading. The following
conclusions were made:

o In this material system, fiber-matrix
interface failure must be modeled for
accurate predictions. Fiber-matrix interface
failure was modeled in VISCOPLY program
by multiplying the 90° fiber transverse
modulus by a factor of 0.1.

o The mechanical response of these
composites is rate-dependent at elevated
temperatures. The VISCOPLY analysis can
predict such dependence.

o VISCOPLY accurately predicted the
composite  stress-strain  response for a
complex TMF loading profile.
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PRE-STANDARDISATION WORK ON FATIGUE AND
FRACTURE TESTING OF TITANIUM MATRIX COMPOSITES
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SUMMARY

This paper presents work on development of test
techniques for S-N fa'igue, fatigue crack growth
and fracture toughness of titanium matrix
composites. Work has concentrated on 8 ply
unidirectional Ti-6-4/SM1240 from BP Metal
Composites with some preliminary work on 8-ply
unidirectional Ti-6-4/SCS-6 from Textron Speciality
Materials. For S-N fatigue testing, an approach,
used successfully for the Textron material,
consistently gave failures in the tab region for BP
matenal.

Transverse fracture toughness of Ti/SiC sheets has
been determined using a double cantilever beam
test. Care has to be taken to restrain specimen
twisting. For two BP materials, the transverse
fracture toughness correlates with the static strength
values.

1. INTRODUCTION

Fibre reinforced metals are currently being
considered in the UK for aero-engine, airframe and
defence applications. Materials of interest are
monofilament reinforced titanium and multifilament
reinforced aluminium. In order to encourage
designers to consider the use of metal composites,
the UK Department of Trad and Industry has
funded programmes of pre-stanciardisation work for
mechanical properties of metal matrix composites.
The current three year programme is being jointly
undertaken by the National Physical Laboratory,
Teddington and AEA Technology, Harwell and
covers static, dynamic and fracture related
properties of particulate and fibre reinforced 1 :etals.

. or each matenal class a three stage approach is
being taken to test method development. Initial test
development is being undertaken on a single,
commercially available material chosen to exhibit
high material homogeneity. Robustness of selected
test techniques is then being assessed using a range
of other MMC's and finally the correlation between
test data and component design will be considered.

This paper presents initial results of the pre-
standardisation work on fatigue and fracture

properties of titanium matrix composites (chosen as
representative of fibre reinforced metals). This is
thus intended as an interim statement which also
presents current and future trends in the work
programme.

2. CHARACTERISATION OF MATERIAL
UNIFORMITY

Work in this programme has primanly used an 8-
ply unidirectional Ti-6-4:SM1240 composite trom
BP Metal Composite produced in 1992 (six plates,
each about 300mm x 300mm). Two cross ply plates
(300mm x 3COmm) have also been examined.
Some early work used a Textron Ti-6-4/SCS-6 8-
ply unidirectional composite prodnced in the mid
1980's (3 plates, each about 300mm x 300mm).
Material uniformity has been assessed by X-
radiogiaphy, ultrasonic C scanning, ultrasonic point
determination of velocity and attenuation,
metallography and matrix hardness testing.

X-radiography apparently gives resolution of
individual Textron fibres (though this may be
apparent rather than real. as 8-plys are being
examined simultaneously). For the BP matenal,
individual fibres are more difficult to resolve
(despite their W cores) though a fibrous texture 1s
evident on the radiographs. This indicates a
possible slight misalignment of the fibre layers in
the material. One area of fibre drift at the edge of
a BP cross-ply plate was easily detectable.

trasoni 5 ing is sensitive to surface
flatness, and hence slight ridging around groups of
Textron Fibres leads to strong contrast (Figure
1(a)). For unidirectional and cross-ply BP plates,
the contrast is v vform across the plates (Figures
I(b). 1(c) - each grey level corresponds to 2dB
attenuation).

Ultrasonic determination of longitudinal and shear
wave velocittes (polarised along two plate axes) and
attenuation have been made at 14-18 points on each
plate. For the BP plates and one Textron plate, the
longitudinal velocities are shown in Figure 2(a) and
the shear velocities in Figure 2(b). The longitudinal
velocities of the BP plates reflect their shghtly
lower volume fraction of SiC' compared with the
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Textron material.  Five of the unidirectional
(UD)BP plates have similar mean velocities. One
UD plate and the two cross ply plates have a
slightly higher velocity . The shear velocities follow
similar trends to the longitudinal velocities. For the
Textron material the two shear wave velocities are
distinct, whilst for all the BP plates they are not,
a-in, possibly reflecting a lower SiC content than
for the Textron plate.

Tvpical micrographs for the BP and Textron
materials are in Figure 3. The more recent BP
material shows a very good fibre distribution and
material integrity with little or no fibre touching or
lack of matrix bonding between fibres, features
which are evident in the Textron matorial.

Matrix hardness in the BP and Textron matenials is
similar (Figure 4).

3. FATIGUE TESTS

Applications being considered tor fibre reinforced
metals frequently require resistance to cyclic,
mechanical and thermal loads. The thermal
performance of composite components is to be
included tn a new programme in the UK and hence
the current programme is concentrating on property
determination at ambient temperatures.

Initial work was undertaken on the Textron material
and used a parallel sided specimen of 150mm x
10mm with a 100mm gauge length. Profiled steel
end tabs were adhesively bonded to the specimen.
Specimens were tested at 5Hz and a stress ratio, R,
(minimum load/maximum load) of 0. For both
static and dynamic tests, failures were generally in
the gauge length (Figure 5), and are hence
considered to be valid for use in design ie. the test
technique did not bias the test result.

When an identical technique was used for BP Ti-6-
4/SM1240, failures were systematically found at the
end of the tabs even for static tests. This was
found to be the case for a number of end tab
materials and in studies at two laboratories. This is
thought to be due to one of two causes:

- The BP material is thinner (13mm
compared with |.8mm for the Textron
material) and hence the stress
concentration at the end of the tabs may be
greater leading to an increased probability
of failure at the end tabs, rather than in the
gauge length.

- The BP material may be more uniform
than the Textron matenal (this is

corroborated by the better fibre distribution
tor the BP matenal - Figure 3) and hence
the stress concentration at the tabs may be
more  significant  compared with the
variation in material properties. again
tending to favour failure at the end tab,
rather than in the gauge length.

Three studiew are currently in progress to seek to
address these issues:

- A tinite element study to predict the stress
coucentrations at the end of adhesively
bonded end tabs for the two materials.

- An experimental study using laser moiré
interferometry to seek to quantify the
stress concentrations in the end tab region
and in the profile region for profiled
specimens.

- An experimental study to assess the
validity of profiled specimens (using
profiles from ASTM D 3552 and from
Rolls Royce ple).

4. FRACTURE TESTS

For some service applications, designers wish to
assess the integrity of fibre reinforced metals in the
presence of crack life defects. These may be
present between fibre layers or transverse to the
fibre direction. Such cracks mayv appear under
cyclic loading and may lead to fracture of the
component under static loads,

Tests for interlaminar fracture toughness of polymer
composites are being developed where specimens
are produced with an artificial delamination to act
as a crack starter. For fibre reinforced metals, an
analogous technique may be very difficult. A
stmpler approach for unidirectional matenials 1s to
use a double cantilever beam specimen with a
through thickness starter notch to assess material
toughness parallel to the fibre direction. To date
specimens have been used with overall dimensions
of 130 x 30 x t mm (where t is the plate thickness)
with an initial notch depth of 30mm. The thinner
specimens, in particular, need to be restrained from
twisting during loading. Crack growth has been
observed using a travelling microscope and
specimen compliance measured as a function of
crack length to give fracture surface energy vs
crack length.  This has been determined for a
Textron material and two BP materials (one known
to have low strength (this was provided as an
experimental matenal and not a production
material)).




Results for the three materials are in Figure 7.

The effect of anti-twist guides is shown in Figure
7(a). Twisting of the cantilever beams can lead to
additional deflection and wu apparently low
compliance (and hence toughness). This effect
increases with crack length. An initial anti twist
guide is a small piece of steel plate with a
machined slot ~ 40mm long x 2mm wide. This
slotted steel guide is slid over the specimen to rest
close to the loading line. Further optimisation of
this arrangement is required.

The BP and Textron materials are compared in
Figure 7(b). The Textron material was not
restrained from twisting, though this may be less of
an issue than for the BP material because of its
greater thickness. The Textron material shows an
initial drop in toughness, perhaps due to the
influence of the notch (a chevron notch was used
fcr the BP materials to ease crack initiation). Both
materials then show an increase in transverse
toughness with crack length, possibly due to crack
bridging bv fibres eg. Figure 8.

Two strength levels of BP material are compared in
Figure 7(c). The low strength of one panel is
attributed to greater shear strength of the
fibre/coating/matrix system and hence less ability to
decouple the fibre from the matrix in the presence
of cracks. This would correlate with increased
transverse toughness for the low strength material,
which is, indeed, observed.

Work on fracture tests is continuing to develop a
specimen with a matrix crack bridged by SiC fibres,
for both static and fatigue crack growth assessment.

S. CONCLUDING REMARKS

1. Ti-6-4/SM1240 from BP Metal Composites
has been demonstrated to have high
uniformity by non-destructive testing and
metallography.

2. A, S-N fatigue test technique which gives
gauge length failures for a Textron Ti-6-
4/SCS-6 unidirectional 8-ply material,
systematically gives tab end failures for a
BP Ti-6-4/SM1240 unidirectional 8-ply
material.

3 A double cantilever beam technique can
provide through thickness failure energies
for unidirectional fibre reinforced metals,
though beam twisting needs to be
restrained for thin materials.
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1. INTRODUCTION testing. This work was conducted in the

Titanium matrix composites (TMC's) are
being considered for a number of aerospace
applications ranging from high performance
engine components to airframe structures in
areas that require high stiffness to weight
ratios at temperatures up to 400°C. TMC's
exhibit unique mechanical behavior due to
fiber-matrix interface failures, matrix cracks
bridged by fibers, thermo-viscoplastic
behavior of the matrix at elevated
temperatures, and the development of
significant thermal residual stresses in the
composite due to fabrication, standard testing
methodology must be developed to reflect
the uniqueness of this type of material
systems.

The purpose of this paper is to review the
current activities in ASTM and VAMAS that
are directed toward the development of
standard test methodology for titanium
matrix composites.

2. ASTM ACTIVITY

A metal matrix composite (MMC) round
robin test program was conducted with the
objective of defining proper test procedures
for unnotched static tension and fatigue

ASTM Subcommittce D30.07 on Metal
Matrix Composites chaired by Steve Johnson
and vice-chaired by Dave Harmon. The
static portion of this test program was
conducted by Task Group D30.07.01 on
Tensile Testing chaired by Paul Bartolotta.
The fatigue portion of this work was
conducted by the Task Group D30.07.02 on
Fatigue Testing chaired by Steve Russ.

Currently, the expense associated with the
fabrication of these materials prohibits
extensive testing at one location. Therefore,
to properly characterize the material behavior
it is necessary to rely on data produced by
othwr rescarchers and available in the open
literature. There are many research
programs sponsored by the government and
industry to study and understand these
materials. Comparison of data from various
sources is difficult without formal testing
guidelines. Specific factors addressed in this
study were lab-to-lab variability and
specimen design (straight sided (SS) vs. dog
bone (DB)).

The test program was conducted on SCS-
6/TiMetal 21S with three laminate lay-ups:

Presented at an AGARD Meeting on 'Characterisation of Fibre Reinforced Titanium Matrix Composites, Seprember 1993
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[0}, [0/90/0), and [0/ +45/90¢]s. Static and
fatigue tests were conducted at room
temperature (RT) and 480°C (900°F) (Table
1). Since material was limited, only six test
laboratories were able to participate in the
testing. Labs were chosen based on past
MMC testing experience. The six labs were
GE Aircraft Engines, McDonnell Douglas,
University of  Virginia, NASA-Lewis
Research Center, Rockwell International,
and Wright Laboratories.

2.1 Material and Fabrication

The TiMetal 21S matrix material was
donated to ASTM through the NASP
Materials and Structures Augmentation

Program sponsored by Wright Laboratories.
All of the MMC was consolidated by
Textron Specialty Materials using procedures
and tooling developed under NASP by
McDonnell Douglas and Textron. In
addition to the MMC panels, Textron also
provided two neat matrix pancels.

Panel C-scans did not show any major
delaminations or voids. All six panels were
sent to McDonnell Douglas for specimen
fabrication. All specimens were machined
using a high speed abrasive water jet cutter.

The composites were tested in the  as-
fabricated condition. The specimens were
not thermally aged prior to testing.

Both straight edge and dog bone specimens
were fabricated using the drawings shown in
Figures | and 2. The specimen
configurations had a gage section width of 10
mm (0.39 in) for umdirectional and 0°/90°
lay-ups and 15 mm (0.591 in) for the
[0/ +45/90¢c])s lay-up. The radius  of
curvature for the dog bone specimen was 386
mm (14.5 in).

2.2 Test Procedures

A set of test instructions were provided to
each test lab. These instructions were based
on past industry test experience, and

applicable ASTM standards. Some of the
applicable test standards include:

1y ASTM E 21-79, Standard Recommended
Practice for Elevated Temperature Tension
Tests of Metallic Materials,

2) ASTM E 466-82, Standard Practice for
Conducting Constant Amplitude  Axial
Fatigue Tests of Metallic Materials,

3) ASTM D 3039-76, Standard Test Method
for Tensile Properties of Fiber-Resin
Composites, and

4y ASTM D 3479-76, Standard Test Methods
for Tension-Tension Fatigue of Oriented
Fiber, Resin Matrix Composites.

The following experimental techniques were
used in this round robin:

Strain Measurement - Extensometry and
strain gages were used for all room
temperature tests for comparison purposes.
All  elevated temperature tests  used
extensometry.

Heating Method - The heating method was
left to the discretion of the test lab.  All
methods chosen were required to be capable
of heating the specimen to 480°C (900°F) at
a rate between 3°C/second (57 F/second) and
11°C/second (20°F/second).  All elevated
temperature test specimens were to be held at
temperature tfor 20 minutes prior to applying
load. During the test the temperature must
not vary more than 3°C (5°F).  These
guidelines were obtained from ASTM E 21.

Temperature Measurement - Thermocouples
weie  affixed  to  the  specimen  using
procedures which did not damage the surtace
of the composite coupon. The exact
procedure was left to the discretion of the
individual labs. For example, in licu of
welding a thermocouple directly to the test
coupon, the thermocouple may be tack




welded to a strip of nichrome ribbon and
then wrapped around the test coupon.

Static Tension Strain Rate - 0.010+.002
/min.

Fatigue Tests - Load controlled sinusoidal
waveform, Stress Ratio R = 0.1, Cycle
Frequency = 1 Hz, Stress level were
provided and were estimated to result in a
life between 10,000 and 100,000 cycles.

Room temperature modulus was measured
for all static tension specimens prior to
testing. 0.05% strain (500 micro-inch/inch)
was not to be exceeded when making this
measurement.

Room temperature modulus was measured
for all fatigue specimens prior to testing.
20% of fatigue stress level was not to be
exceeded when making this measurement.
Failure was defined as complete specimen
fracture.

2.3 Tensile Test Results

For each lay-up, the participants were given
two dog bone and two straight sided
specimens to be tensile tested at temperatures
of 20° and 480°C. This provided the study
with sample sizes of six specimens for every
test condition. The round robin's success
ratio was quite high since, out of a possible
total of 72 tensile tests, only one [0/90/0]
DB specimen test at 20°C was questionable
and was left out of subsequent analysis.
Several statistical analytical techniques were
used to see if tensile properties were
influenced by specimen geometry or
laboratory test techniques.

Tensile properties are presented in Tables 2-
4 for [0]3, [0/90/0], and [0/ +45/90¢]s lay-
ups respectively. In these tables, the
composite's modulus at test temperature
(Erp), ultimate tensile strength (UTS), and
strain at failure (E;) are presented with
respect to temperature and specimen
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geometry. In general, for all three lay-ups,
Err and E; sample means were similar for
both specimen geometries with the greatest
discrepancies being associated with the
480°C Epr for the [0/90/0) lay-up and
480°C E; for the [0/+45/90¢]s lay-up. As
for the UTS values, larger differences
between population means and larger
standard deviations (more scatter) were
observed for each case. However, through
subsequent statistical analysis (via several.
Student's ¢ tests), there was enough statistical
evidence to support the fact that both
geometries have identical population means
for all of their tensile properties. Therefore,
for this study, specimen geometry did not
affect the tensile properties.

The only attribute that specimen geometry
played a role in was fracture location. For
the DB specimens, failures typically occurred
at or near the start of the radius (from the
specimen's test section). Failure locations
for the SS specimens appeared to be
scattered throughout the specimen length
with 15% of the specimens failing at or near
their gripping location. Temperature
influenced the failure locations with the
majority of fractures occurring within the
test sections for the 480°C tests. As for the
20°C test, the SS specimens had the most
failure location scatter while the DB
specimens failed near or within the test
section.

Typically, fracture locations did not
influence tensile properties. Figures 3 and 4
illustrates this point by presenting UTS of
{0]; and E; of [0/90/0] data with respect to
fracture location. In these figures solid
symbols denote 480°C data and open
symbols indicate 20°C data. The dotted
vertical line represents the beginning of the
25.4 cm test section. From these figures, it
Is siowii that regardless of f{raciure location
tensile properties such as UTS can range
between + 100-150 MPa and for E; between
+ 0.25% from their respective means.



Lab-to-lab variability was invuestigated by
conducting several analysis of variance
(ANOVA) studies. In these studies, the
means of each laboratory's tensile results
were compared regardless of specimen
geometry since it was shown that specimen
geometry did not affect tensile properties.
For each property, ANOVA tables were
constructed to test the null hypothesis (each
laboratory had the same average value for
the tensile property in question) against an
alternative hypothesis (at least two laboratory
had averages that were significantly
different).  Results from these ANOVA
studies show that there were only three cases
where there is enough statistical evidence to
support that at least two laboratories have
different tensile property averages. These
cases were as follows; i) E; at 20°C for the
[0]5, i) UTS at 20°C for the [0/90/0], and
iil) UTS at 20°C for the [0/+45/90¢]s.
Note, the 480°C tensile properties for all of
the laboratories had statistically similar
averages.

Figures 5-7 graphically illustrates the lack of
lab-to-lab variability in the tensile results.
The histographs were constructed by
normalizing all of the tensile properties.
UTS, Eqp, and E; with respect to their
individual means (by doing this all of the
properties can be plotted on the same graph).
Therefore, a normalized value of 1 on these
figures represent a perfect correlation with
the mean of a property. The symbols "1-6"
represents the laboratories' identification
number. The only defi~i*~ trend observed in
these figure- at 1ost o, laboratory 6's
tensile dat. <atly "'~ way from their
respective ave. o 1als  suggests that
laboratory 6's test methods might differ
enough from the other five laboratories to
affect their tensile properties. However, the
data appears to follow a normal distribution
and perhaps laboratory 6's data spread is just
an intrinsic occurrence.

2.4 Fatigue Test Results

Unnotched  fatigue results from  six
participating laboratories were analyzed to
determine the statistical significance of
specimen geometry, lab-to-lab variability,
and interactions including composite lay-up.
Two specimen designs were evaluated, dog
bone versus straight sided, for three lay-ups

at two temperatures, Table 5. Each
laboratory  conducting 12 tests  per
temperature. Stress  levels  were

predetermined with a goal of achieving
fatigue lives ranging between 10,000 and
100,000 cycles. All tests were conducted
under load-control with a sine wave, a
frequency of 1 Hz, and a stress ratio of 0.1.

One of the six laboratories only participated
in the 480°C testing, therefore, a separate
analysis was conducted for each temperature.
An analysis of variance is reported for the
log of cycles-to-failure, log(N), normalized
to account for the variance between the
averages of the three lay-ups. Normalizing
was performed at each tciperature by
multiplying log(N) by the ratio of total
average of all the tests of all 3 lay-ups to the
average of all tests for the specific lay-up.
Figures 8 and 9 are histograms of the
normalized data at room temperature and
480°C, respectively, demonstrating that «
normal distribution was obtained for log(N)
at both temperatures.

2.4.1 Room Temperature Analysis

Only five laboratories participated in the RT
(approx. 20°C) fatigue testing, and a total of
60 tests were performed. A three-factor
analysis of wvariance was conducted on
e (N). The three factors were (A)
lavoratory, (B) specimen geometry, and (C)
lay-up. From the ANOVA table, Table 6,
only factor A was found to be statistically
significant below the 5% level, with a P
value of 0.007. This is interpreted as the
following: if the null hypothesis is true (i.e.,
there is no difference between the five labs),
the observed variance would occur only
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0.7% of the time due to randomness. Figure
10 compares the results depicting the mean,
+1 standard deviation, and the range
{minimum and maximum) for all five labs.
Labs 2 and 5§ have slightly higher averages
than 1, 3, and 4 Although the scatter is
fairly large for each lav, ~nd visually it is
difficult to discern a signiticant difference,
the analysis of variance , taking into account
the effects of the other factors and
interactions, suggests the differences noted
oetween the means is real, and not due
merely to random scatter.

According to the ANOVA table, the factor
of specimen design is not significant (P value
of 0.875). This was further supported by
comparing the means visually. Figure 11
shows the collective data for both the dog
bone and straight sided geometries with the
means being nearly identical. Figure 12
displays a comparison of averages for each
lay-up. Small differences were observed for
each lay-up, however, there was no
consistency as to which design results in the
longer lives, further suggesting a lack of a
significant difference based on specimen
geometry at RT.

2.4.2 480°C Analysis

All six laboratories participated in the 480°C
fatizue testing, and results from 71 tests are
reported (one test prematurely failed as a
result of a power outage). Similar to the RT
fatigue, a three-factor analysis of variance
was conducted on log(N). The three factors
were (A) laboratory, (B) specimen geometry,
and (C) lay-up. From the ANOVA table,
Table 7, both factors A and B are observed
to be statistically significant below the 0.5%
level.

The data for each lab are displayed in Figure
13 and illustrate that lab 6 has the highest
average, lab 3 has the lowest, and the other 4
labs are very comparable. Similar to the RT
data, the scatter is fairly large for each lab,
and visually it is difficult to determine a
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significant difference. However, the analysis
of variance, taking into account the effects of
the other factors and interactions, suggests
the differences noted between the means is
real.

The data comparing the averages for the two
specimen designs is presented in Figures 14
and 15. For the elevated temperature tests a
significant difference is noted with dog bone
specimens having longer lives for all three
lay-ups over the straight sided specimens,
Figure 15. It is observed that the difference
is considerably larger for the lay-ups
containing off-axis plies.

3. VAMAS ACTIVITY

In October 1992 The Versailles Project on
Advanced  Materials and  Standards
(VAMAS) Steering Committee approved the
proposed test activities and created Technical
Work Area (TWA) 15 on Metal Matrix
Composites. Stcve Johnson of NASA
Langley Research Center (USA) serves as
Chairman while Neil McCartney of the
Nctional Physical Laboratory (UK) serr « s
Vice-chairman.  This activity emphasizes
collaboration on pre-standards measurement
research, intercon.parison of test results, and
consolidation of existing views on priorities
for standardization action. To date
representatives from the following countries
have expressed a desire to participate in
TWA 15: USA, UK, Germany, France,
Spain. and Japan.

The initial focus of TWA-15 activities has
been to conduct static and fatigue round
robin testing on both whisker and particulate
aivminum matrix composites at room and
elevated temperaturc.. Th= U. S. Air
Forces' Title IIl program is providing the
test materials. The National Research
Institute for Metals (Japan) and NPL (UK)
will machine the specimens.

TWA 15 members have expressed an interest
in working the TMC systems. To date our
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efforts have been directed toward finding
free or affordable TMC's to test. We intend
to closely coordinate future ASTM and
VAMAS activities in the TMC area. The
next VAMAS TWA 15 meeting will be
March 21, 1994, at Hilton Head Island,
South Carolina, USA, in conjunction with
the ASTM symposium entitled Life
Prediction Methodology for Titanium Matrix
Composites.

4. SUMMARY

An ASTM sponsored round robin test
program was conducted on a titanium matrix
composite to identify effects of specimen
geometry and lab-to-lab variability on
unnotched tension and fatigue test data. The
material chosen for the round robin was
SCS-6/TiMetal  21S. Six test labs
participated. These labs represented
industry, academia, and government. All
labs used the same test procedures although
different methods of heating and specimen
tabbing were allowed.

Static test results showed little variation for
each of the three lay-ups considered. Failure
locations changed with specimen design, but
tensile properties did not. Statistical studies
were perforined and showed no significant
lab-to-lab variability.

Fatigue tests results were different depending
on the temperature. Specimen geometry did
not effect the fatigue lives at room
temperature, but did effect lives at elevated
temperature. Fatigue tests conducted on dog
bone specimens lasted longer than those
conducted on straight sided specimens at
480°C. ‘\dditionally, there was statistical
evidence to suggest that there was lab-to-lab
variability for the room temperature and
480°C tests. However, due to the large
scatter observed, it is visually difficult to
discern a significant difference.  Scatter
bands could perhaps be narrowed with
additional testing,.

The results of this test program indicate the
following:

1)  Either dog bone or straight sided
specimens are adequate for tensile testing on
unidirectional, crossplied, and other lay-ups
and should not produce significant
differences in measured properties.;

2)  Either a straight-sided or dog-bone
specimen geometry should be specifically
identified in any test standard or test report;
and

3) Further study is required to identify
differences in lab fatigue test techniques
which may have contributed to the
statistically observed variability in life.

Efforts will be made to coordinate future
ASTM and VAMAS round robin testing
activities involving TMC's. A major
concern for future testing activities is
obtaining the TMC .naterial.

A




Tension Fatigue
Laminate Temperature # tests # tests
SS|{DB| SS | DB
013 20°C 1 1 2 2
480°C | 1 2 2
[0/90/0] 20°C 1 1 2 2
480°C 1 1 2 2
[0/ +45/90c]s 20°C 1 1 2 2
480°C 1 1 2 2
Table 1. Round Robin Test Matrix (Per Lab)
TEMPERATURE
[013 20 °C 480 °C
DB SS DB SS
ETT mean 186.1 186.2 169.7 170.2
s 15.8 12.7 8.2 8.1
(GPa) max | 214.0 204.0 181.0 180.6
min 174.5 173.6 159.0 158.6
UTS mean 1583.3 1620.8 1253.3 1303.1
S 98.1 78.0 33.2 78.9
(MPa) max 1751.0 1729.3 1288.0 1379.0
min 1472.7 1486.8 1199.3 1200.9
Ef mean || 0.99 1.00 0.90 0.95
s 0.11 0.10 0.08 0.11
(%) max 1.11 1.12 1.03 1.10
min 0.81 0.83 0.78 0.76
Table 2. Static Test Results - [0]3
TEMPERATURE
[0/90/0] 20 °C 480 °C
DB SS DB SS
ETT mean [ 152.3 152.6 129.4 133.4
s 5.6 8.4 7.1 10.2
(GPa) max 160.9 160.4 141.0 141.0
min 145.3 136.6 120.2 114.0
UTS mean [ 1234.y 1222.7 940.9 890.3
S 55.4 62.9 46.8 59.8
(MPa) max 1320.0 1295.0 983.1 998.0
min 1180.3 1153.6 867.1 820.0
E¢ mean { 1.0l 0.96 0.86 0.80
s 0.12 0.04 0.05 0.05
(%) max 1.21 1.01 0.91 0.88
min 0.89 0.91 0.76 0.74

Table 3. Static Test Results - {0/90/0]




TEMPERATURE
[0/ +45/90C]s 20 °C 480 °C
DB SS DB SS
ETT mean  149.6 149.7 126.4 124.9
s 5.3 12.1 20.1 13.2
(GPa) max 158.0 161.7 145.1 137.4
min 142.0 131.0 89.0 103.0
UTS mean | 906.5 900.0 656.9 679.6
s 40.4 10.4 50.0 57.4
(MPa) max__ ] 944.1 915.5 727.0 737.4
min 832.6 885.2 602.0 599.6
Ef mean ¢ 1.03 0.93 0.94 1.13
s 0.17 0.05 0.21 0.13
(%) max 1.35 0.98 1.11 1.27
min 0.86 0.83 0.55 1.01

Table 4. Static Test Results - [0/+45/90C]S

Temperature Lay-up Specimen § Max Stress | Replicates

°C Design MPa

20 [0]13 Dog Bone 625 2

20 (013 Straight 625 2

20 [0/90/0] Dog Bone 525 2

20 [0/90/0] Straight 525 2

20 [0/+£45/90c] | Dog Bone 325 2
]

20 [0/445/90¢] Straight 325 2
s

480 013 Dog Bone 600 2

480 [013 Straight 600 2

480 [0/90/0] Dog Bone 460 2

480 [0/90/0} Straight 460 2

480 [0/+45/90c] § Dug Bone 280 2
s

480 [0/ +45/90c] Straight 280 2
s

Table 5. Fatigue Test Matrix




Source Degrees of | Sum of Mean | F-test | P value
Freedom Squares | Squares
Labs (A) 4 0.27524 0.06881 | 4.348 0.007
Specimen Design (B) 1 0.0004 0.0004 | 0.025 | 0.875
AB Interaction 4 0.10651 | 0.02663 | 1.682 0.18
Lay-up (C) 2 0 0 0 1
AC Interaction 8 0.20581 | 0.02573 j 1.626 | 0.159
BC Interaction 2 0.06207 | 0.03104 | 1961 ] 0.158
ABC Interaction 8 0.1783 0.02229 | 1.408 | 0.234
Error 30 0.47483 | 0.01583
Table 6. ANOVA Table for 3-factor Analysis of Variance on log(N), normalized,
RT.
Source Degrees of | Sum of Mean | F-test | P value
Freedom Squares | Squares
Labs (A) 5 0.79418 | 0.15884 | 4.57 0.003
Specimen Design (B) 1 0.32661 0.32661 | 9.396 ] 0.004
AB Interaction 5 0.08997 | 0.01799 } 0.518 | 0.761
Lay-up (C) 2 0.00051 | 0.00026 | 0.007 | 0.993
AC Interaction 10 0.83867 | 0.08387 { 2.413 | 0.027
BC Interaction 2 0.08874 { 0.04437 | 1.276 | 0.292
ABC Interaction 10 0.33306 | 0.03331 | 0.958 ] 0.495
Error 35 1.21659 | 0.03476

Table 7. ANOVA Table for 3-factor Analysis of Variance on log(N), normalized,

480°C.
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DEVELOPPEMENT DE METHODES D’ESSAIS MECANIQUES POUR CMM A BASE TITANE
(TRACTION-FATIGUE OLIGOCYCLIQUE)

B. Dambrine
SNECMA
BP 81
91003 Evry Cedex
France

INTRODUCTION

Les objectifs de perfonnances lixés pour la pre haine
génération de moteurs militaires (rapport poussée/masse =
15) conduisent & des conditions extrémes d'utilisation des
alliages de titane pour les disques de compresscur, tout en
ne permettant pas de respecter les objectifs de masse. Les
maténaux composites a matrice métallique (inatrice base
titane renforcée par des fibres longues en carbure de
silicium) montrent des propriétés de raideur, de résistance
et de tenue en température prometteuses pour la réalisation
de disques de compresseur [1]

Une bonne connaissance du comportement des Composites
a Matnce Métallique base utane (CMM-Ti) est une
condition préalable a l'établissement et la - alwlation des
méthodes de calcul de durée de vie des composants

La premicre étape consiste en I'dtude du comportement en
traction et en fatigue oligocyclique sur éprouvettes a
échelle du laboratoire. Dans la suite, on trouvera les
€léments qui ont conduit au développement de ce ¢ essais

Matériaux testés

Deux maténaux ont servi de support a cette étude

- Le premier, élaboré par TEXTRON SMD, est constitué
de fibres SiC SCS6 (¢=140pm) préalablement revétues
dialliage de titane 6242 (T1Al-2SN-42r-2Mo) déposé sous
vide par procédé plasma Le maténau est élaboré par
compaction & chaud de lwt couches de préimprégné
plasma. La fig (1) montre la répartition des [ibres dans une
coupe transveisale, le taux volumioue de tibres obtenu est
de 33%.

- Le second, élaboré pur SNECMA, st constitué de fibres
BP SM1240 ($=104pum) tissées ct maintenues par un fil de
chaine en titane et G'unc matrice TA6V sous fonme de
feuillard d'épaisseur 100pum. Le composite est obtenu a la
press¢ par compaction dun empilage de fibres et de
feuillards pour obtenir un tau. .olumique de fibres de
lordre de 33%. La figure (2) montre une coupe
transversale du matenau obtenu. La principale diftérence
entre ces deux maténiaux, honnis le diamétre des fibres,
réside dans la nature de Finterphase

La fibre SCS-6 est revitue de 3 pm de carbone pyrolitique
alors que la fibre SM1240 es revétue d'un dépdt composé
dune couche de carbone de 1.2 pm et 0,8 um de TiB2
«ependant les aléas de production liés a4 la C VD
conduisent en fait a un depot de bore dont la cohésion est
faible. Au cours du compactage, ce dépot migre entre les
feuillards et une partie réao pour fonmer Til3x (1 € x € 2)
qui affaiblit la haison entre fewllards ct fibre-fewllard
Cette contamination peut expliquer la relative faiblesse
des caraclénstiques mesusees sur ce matérian

Définition des essais de traction
Les criteres retenus pour detimr une éprouvette de traction
sont les swivants

M. Hartley
Rolls-Royce
PO Box 31
Derby DE2 8BJ
United Kingdom

-La partie utile doit étre de section rectangulaire pour
pouvoir étre usinée a partir de plaques.

-La rupture doil se localiser dans la partie utile

-La méme géométrie doit pouvoir élre testée a
température ambiante et a haute température (600°C)
-Les chants doivent pouvou éure revétus pour éviter
loxydation dans les essais a chaud.

Les premiers essais sur éprouvelte rectangulaire ont

conduit systématiquement 4 lamorgage au ras des mors

(figure. 3). Pour éviter ce probléine il a é1é décidé d'étudier

une éprouvette sur laquelle des talons en TA6V sont
rapportés par brasage. Pour optuniser la géométrie des

talons, des simulations numériques ont été effectuées, les

diflérentes géométnies étudiées sont présentées sur la

figure 4.

HYPOTHESES DE CALCUL

Maillage et modéle mathématique

Pour chaque géométrie un calcul plan a été réalisé avec le
module ASEF (Analyse Statique Linéairc) du Code de
Calcul par éléments tims SAMCEF.

Compte-tenu des symnétries existantes, on a uniquement
mailjé une dems-éprouvetie avec des éléments de volume
torique 1soparamétriques en déformation plane.

Conditions de chargement

On unpose sur les deux faces extérieures des talons a la
fors un déplacement constant (sens 1) et une pression
witforme représentative de celle exercée par les mors de
serrage (sens 2). on peut alors visualiser la distribution des
contraintes normales (0] ~j7) et les contraintes de
aisaillicment 05,

Données matériaux

Toutes les caractéristiques mécaniques nécessaires a la
modélisation numérique sont connues -

Sic/Titane

El= 190 000 MPa

E2 = E3 = 135 000 MPa

G12 = G13 = 56 000 MPa

vi2=v13=0,21

v23=v32=0,30

Ttane

E =115 000 MPa

v=03

X = | = sens de solhicitation et des fibres SiC

y = 2 = sens orthogonal a 1 (2=3 1.¢ le plan (2,3) est
150lropc)

RESULTATS

Les distnbutions de contraintes normales (911, 637) et de
asaillement o5 pour les différentes géométnes sont
représentées sur les figures 6 a 8 Toutes ces grandeurs

Presented at an AGARD Meeting on ‘Characterisation of Fibre Reinforced Titanium Matrix Composites’ September 1993
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sont ramenées a la valeur nominale O |N. calculée dans la
partie utile de I'éprouvette {ou zone d'homogénéité des
contraintes 0)}). Nous détaillons ci-aprés lanalyse des
résultats en essayant de comprendre les mécanismes
essentiels entrant en jeu dans le comportement global de
I'éprouvette.

A propos de o

Une surcontrainte de traction apparait dans le composite
au niveau du raccord entre les talons et la partie utile de
I'éprouvette pour les quatre géométnies (figure 6) ; celie-ci
peut atteindre 1,02sa . Cet eflet disparait pour un talon
avec congé de raccordement circulatre tangent au
composite. Ceci doune a penser que la forme du congé est
primordiale.

En pratique, il parait difficile do réaliser une tangente
aussi précise, c'est pourquoi la ligure 6 indique ce que l'on
obtient pour une marche d'environ 0,13 mm (géométrie 4) ;
il n'y a toujours pas de zone critique

A propos de oy

On observe ua cisaillement dans les talons de titane
(figure 7; , il est maximal au nivcau de la partie la plus
épaisse du taion (fin du congé dans le sens des X positifs),
atteignant 38% de a ;) pour la géométrie 2.

Ceci s'explique par la déviation ,dans le congé, des eflorts
qui suivent le bord libre en générant par la méme occasion
un glissement de matidre (ou une contrainte de
cisaillement). Une plastification locale du talon n'est donc
pas impossible ; elle aurait cependant peu d'effet sur le
comportement d'ensemble de I'éprouvette

On note que la géométrie 2 est la moins favorable de
toutes ; elle présente en eflet deux zones de cisaillement
important dans les talons, sans oublicr que les valeurs
relatives de o5/ |y sont les plus importantes. Enfin, il
n'y a pas de grandes diftérences entre les géométries 3 et 4
A propos de oy)

Une contrainte o;, de compression existe dans le
composite au dcssus du niveau du congé de raccordement
(figure 8) ; celle-ci est la conséquence d'une contraction du
titane dans le sens 2 probablement due a la différence des
modules entre les deux niaténiaux.

La compression sens 2 atteint environ 5% de o) pour
les quatre géométries ce qui est . ‘ativement faible
'équilibrage de la zone précédente es. réalisée par une
zone de traction sens 2 comprise entre la partie utile et la
fin du congé ; o35 peut alors atteindre 31% de oy et
dépend en général de la forme du congé Ainsi, les
géométries 3 et 4 sont les plus favorables, alors que l'on
pourrait craindre un éventuel décollement des talons pour
les géométnes | ¢t 2

Conséquences

Les principaux cnitéres pénalisants nus en &:.nec sont
donc la surcontrainte de traction oy . une localisation du
cisaillement g1y et une traction gy, (équivalente é du
pelage) dans I'éprouvetie

Nous donnons dans le tableau 1 les valeurs extrémes
aobtenues pour les contramtes dans le plan (1,2) ; par ordre

dimportance  nous  retenons les  critéres de
dimensionnement suivants

oy1/oiN S | au niveau du raccord entre talons et
Composite

o1x/oy tend vers zéro dans les talons.

Si I'on veut obtenir une rupture en traction dans la partie
utile du composite, il faut retenir la géométrie 3 (ou 4 en
piatique). Ce sont elles qui fournissent les écarts mim-
maxi les plus faibles, exception faite de la géométrie |
pour gy5/a . Dautre pant, les géométries 3 et 4 peuvent
étre améliorées en augmentant le rayon du congé de
raccordeinent des talons ; cependant les surcontraintes 911
observées élant trés faibles et n'ayant pas lieu au début du
raccord composite-métal proprement dit, cela nous a paru
nutile.

RESULTATS EXPERIMENTAUX

Des essais de traction a température ambiante ont été
effeciués sur barreau parallélépipédique et sur éprouvettes
a talons brasés (géométne 4). Pour la réalisation de ces
demiéres. divers modes de réalisation ont été testés.:

Sur la figure (9), les talons sont rapportés par brasage
(TiCuNi) en étant soit pré-usinés soit usinés ensuite. Cette
technique  nécessite  un  cycle dc  température
supplémentaire d'une demi-heure & 900°C environ qui peut
se montrer endommageant pour le composite, et des doutes
existent sur la tenue mécanique de la brasure (2] ..

La deuxiéme technique utilisée consiste & presser le
CMM en remplagant les feuillards extérieurs de TA6V par
des plaques du méme matériau ;, une fois le composite
réalisé, on effectue une découpe puis une rectification des
¢éprouvettes afin d'obtenir dans la partie utile une épaisseur
de TA6V identique a celle des feuillards externes d'une
ptaque de CMM stanard. on réaiise ainst une éprouvette a
talons sans cycle de brasage et assurant une meilleure
continuité de la matiére. la figure (10) illustre la
fabrication de ces éprouveltes

Des éprouvettes rayonnées, dont la géométrie est présentée
figure (11) ont également été testées, car elles ont
également ¢été utilisces dans la littérature {3]). Si ces
éprouvettes doivent convenir 4 température ambiante, les
fibres débouchantes dans le rayon de raccordement
constituent des sites prilégiés pour l'oxydation du
carbone a haute température ,ce nsque d'entrainer des
ruptures prématurées .

Les resultats obtenus sont consignés dans le tableau II et
montrent clairement que les éprouvettes sans talons ou a
talons brasés ne permettent pas daccéder aux
caracténistiques de résistance du matériau.

L'éprouvette rayonnée ne permet pas d'obtenir une rupture
dans la partie utile et les résultats sont inférieurs a ceux de
I'éprouvette a talons cocuits qui permet d'obtemur 70% de
ruptures confonnes




FATIGUE OLIGOCYCLIQUE

Les problémes rencontrés en fatigue oligocyclique sont de
méme nature qu'en traction : comument amarrer I'éprouvette
dans les mors tout en localisant la rupture dans la partie
utile ?

Pour les essais a température ambiante, on a utilisé une
éprouvette rayonnée pris en mors hydraulique telle que
décrite dans la littérature | 4 ] (figure 11) et qui doat éviter
toute rupture dans les mors. Un calcul a évalué la
surcontrainte de traction a 2 % a la naissance du rayon.

Les essais de fatigue ont ¢été etlectués sur machine servo
hydraulique MTS équipée de mors hydrauliques dune
capacité de serrage de 20KN. Les conditions d'essais sont
les suivantes .

- fréquence 1 0,25 Hz,

- cycle trapézoidal avee temps de mamtien de 1 s aux mim
et maxi de charge

- rapport de charge R = onuni/omaxi = 0,1

A haute température, l'utihisation de mors hydrauliques
refroidis a été rendue possible par l'emploi d 'un four a
résistances simple zune FECRALLOY d'une hauteur de 60
mm. Les vanations de température dans la zone utile de
I'éprouvette sont lunitée a +/- 5°C a 600°C grace a
T'utilisation d'écrans au de part et d'autre du four.

Deux séries dessais ont éi¢ clfeclués & température
ambiante et a 600°C sur des ¢prouvettes prélevées dans
une plaque en SCSG/TAGV pressée par Textron SMD - les
résultats des deux séries dessams sont présentés sur la
figure (12)

L'observation des éprouvettes améne  les
commentaires swvants

rompues

A température ambiante, la rupture est amorcée dans le
congé de raccordement. Sur les (ractographies (fig 13)
prises dans la zone de rupture, on observe les sites
d'amorgages privilégiés que sont les libres débouchantes a
la surface de I'échantillon.

A haute température, on fait les mémes observations sur
les sites d'amorgage, la rupture étant localisée dans la zone
de chauffage.

Des essais sur éprouvettes a chant-poli n'ont pas pennis
d'éviter l'amorgage sur les fibres débouchantes. les valeurs
obtenues doivent donc étre considérées comme une bome
inférieure

CONCLUSIONS
Les essais de traction et de fatigue ohgocvelique ont mis
en évidence les ponts stvants

-Les éprouvettes parallélépipédiques sans talons ou avec
talons rapportés par brasage ne permettent pas d'accéder
aux caracténistiques réelles du matériau testé

-L'éprouvette  rayonnée  permet  dapprocher  ces
caracténstiques en utilisant des plagues dispombles sur

22-3

le marché. la présence de fibres débouchantes étant
toutefois un probléme important car celles—ci deviendront
des sites privilégiés d'amorgage en fatigue et d'oxydation
a hiaute température.

- L'éprouvette a talons cocwits permet de mesurer les
caracténstiques ntrinséques du maténau.

La vahidation de celie géométne est actuellement en cours
pour les essais de fatigue oligocyclique & haute
température.
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011/011N 012/011N 022/011N
Mini Maxi Mini Maxi Mini Maxi
Géométrie 1 -0,006 1,043 |[-0,24% 0,243 -0,1¢6¢ 0, 332
Géométrie 2 -0,006 1,024 [|-0,356 0,>56|| -0,451 0, %48
Géométrie 3 -0,006 1,002 -0, 200 0,200l -0,463 0,UL3Y
Géométrie 4 -0,006 1,016 J-0,20% 0,205 -0,466 0, So0%
Tableau 1 : Valeurs mini-maxi des contraintes ramenées & 1la
contrainte nominale o1lN
Sans talons Eprouvettes talons brasés| Eprouvettes rayonnées Talons cocuits
parallélépipédiques
Rupture ras des mors Rupture ras du talon Rupture dans le rayon 70% rupture en partie
utile
30 % rupture au ras du
rayon
o rupture moyenne o rupture moyenne O rupture moyenne O rupture moyenne
1280 MPa 963 1350 MPa 1480 MPa

Tableau 2




Figure 1 : Coupe transversale SCS-6 / TA6V

Figure 2 . Tissu SM 1240/ TA6V.




Figure 3 : Coupe transversale SM1240/TA6V.
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Figure 4 - Rupture dans les mors d' une éprouvette parallélépipedique
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Figure 5 : Géometries des éprouvettes étudiées par le calcul.
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Figure 10 : Schéma de fabrication des éprouvettes 4 talons cocuits.
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MODELLING AND TESTING FIBF.E REINt'ORCED TITANIUM
FOR DESIGN PURPOSES

L N McCartney
Division of .~t:rials Meuolop-
Nadonal Physical Laboratory
Teddington, "Jdiddx. UK, TWI11 0I.W

SUMMARY

A review is given on some aspects of
designing with continuois fibre reinforced
titanium alloys. Issues that are addressed are as
follows:

* Need for multiaxial constitutive relations
describing behaviour of fibre reinforced
titanium for:- monotonic loading at
different temperatures, unloading at
different temperatures, cyclic changes in
load and temperature both in and out of
phase, and general thermo-mechanical
loading. Linear, yielding, incremental
plasticity and time dependent
deformations are considered.

* Need for reliable failure criteria that take
account of the micromechanisms that
contribute to the failure event.

* Role that micromechanical modelling can
play in the development of reliable
constitutive relations, and design methods.

* Need for validated test methods to
measure the parameters that appear in the
constitutive relations that are used for
design purposes.

1.  INTRODUCTION

One aspect of the design process involves
predicting the performance of an engineering
detail given its geometry and mode of loading,
together with the mechanical and thermal
properties of the materials used in thc design.

While geometry and loading mode are often at
the discretion of the designer, the materials
properties used in the design calculation must
be measured experimentally. The objective of
this paper is to discuss the relationship of
materials properties and their measurement to
design, and to show how modelling can help to
identify materials parameters that need to be
measured, and to develop new design
procedures.

It is useful to set the scene by asking the
following basic three questions:

1) How does one decide which properties
characterise a given type of material?

2) Who wants to know values of materials
properties, and how are such data used in
desigu procedures?

3) How can materials properties be measured
reliably?

To answer the first question, materials
properties are defined by constitutive equations
that relate basic quantities, such as stress,
strain and temperature. Linear relationships
involve materials parameters, such as Young’s
moduli, Poisson’s ratios and thermal expansion
coefficients, whose values for a given material
need to be measured experimentally. For
advanced materials, such as fibre reinforced
metals, various constitutive equations have
been used to characterise their non-linear
behiaviour, and these are often generalisations
of isotropic equations for homogeneous metals
to anisotropic situations. Such an approach is
likely to be unreliable for composites as they
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are unlikely to behave as homogeneous
materials. The combination of elastic fibres
with thermo-viscoplastic matrices will lead to
constraints of materials behaviour, and lead to
effects caused by residual stresses arising from
the thermal expansion mismatch between fibres
and matrix. A more reliable approach is to use
modelling techniques to determine the
characteristics of the fibre reinforced metal,
and to verify this behaviour by experiment.

To answer the second question, it is clear that
the users of materials properties fall into the
following categories:

a) Materials developers who need property
measurements to assess the quality of
their materials,

b) Component designers who need to select
materials, and component geometries, that
satisfy prescribed design requirements,
including acceptable cost,

¢) The engineers taking responsibility for the
operation of engineering components in
service.

Materials properties are used in design as input
parameters for stress analysis calculations such
as finite element and boundary element
methods. For linear elastic materials the
properties can frequently be used in hand
calculations. The objective is to predict the
performance (e.g. the deflection, maximum
principo! stress) as a function of geometry and
loading mode. A design methodology can then
be established based on failure criteria that
limit deflections or loads to prescribed safe
values. Predictions can be made of the
response of a component to some externally
applied stimuli, e.g. applied stresses and
iemperature, including cyclic profiles where
stress and temperature can be either in or out
of phase. Such responses are compared to
design requirements. If predictions indicate that
the component will not meet requirements at
reasonablie cost then it must be redesigned.
When considering the performance of

components in service other factors become
important such as fracture toughness, fatigue
and creep. In addition, the thermal degradation
of composites (through chemical changes of
fibres, matrix and interfaces) due to exposure
to elevated temperatures can be an important
factor. A discussion of fracture toughness,
fatigue, creep and thermal degradation effects
are, however, beyond the scope of this paper.

To answer the third question, there is a great
need to measure properties with a minimum of
scatter when testing is carried out in one or
more laboratories, and a need to ensure that
properties measured do not depend on the test
method. If either of these requirements is
violated then the data collected are of limited
use in the activities (a-c) described above. It is
well recognised that reliable design data can be
obtained only if standardised test methods are
available that have been properly validated by
round robin testing and appropriate analysis of
results. For fibre reinforced metals some
properties will be needed to characterise
properties for which no test methods currently
exist. This emphasises the urgent needs to
develop realistic constitutive relations
characterising material behaviour, to identify
materials parameters that need to be measured,
and to develop validated methods of
measurement.

As composite components often exhibit
properties that differ from those measured in
test coupons, it is also reasonable to ask
whether materials property data obtained from
coupons have any value in design procedures.
A response to this point is that without reliable
mechanical property information it will not be
possible to select materials for a particular
application, nor will it be possible to design a
new component. The most reliable method of
collecting these data is to use test coupons. If
there is a difference between component and
coupon data then it is necessary to identify
why. The difference will probably because of
the fact that manufacturing variables are
having an effect on properties. For example,
uneven cooling can lead to residual stresses




which in turn lead to differing apparent
properties. If the quantitative relations
characterising the material took account of
residual stresses then differences between the
properties of coupons and components might
be less. This approach points to the need in
some cases for modelling the manufacturing
processes used when making both coupons and
components. Of particular relevance to fibre
reinforced metals are the residual stresses
induced during cooling from the manufacturing
temperature to room temperature. Uneven fibre
distribution in components, resulting from the
manufacturing process, can also lead to
apparent properties that differ from those
measured using coupons.

2. SOME DESIGN CONSIDERATIONS

Fibre reinforced metals are currently being
assessed for use in engineering components
exploiting their light weight, increased stiffness
and strength, and their high temperature
performance. The task of designing
components made of continuous fibre
reinforced MMC is particularly difficult for a
variety of reasons. The principal difficulty
arises because of the yield of the metal matrix
which can occur at relatively low strains at
room temperature leading to non-linear
stress-strain  behaviour, and to a differing
stress-strain response in compression. This
means that non-linear behaviour and residual
stresses must be taken into account during
design. The relatively low proportional limit
for these materials can mean that components
will slightly change shape as soon as they are
put into service. The anisotropy of the material
has an effect on both the yield stress and on
the work hardening characteristics, and needs
to be taken into account in design.

The simplest designs for unidirectional (UD)
fibre reinforced titanium components, such as
hoop wound ring structures, try to exploit the
improved properties obtained in the fibre
direction. The behaviour of UD material in the
axial direction is dominated by the linear
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elastic behaviour of the fibres. In contrast, UD
material is weakest in the transverse direction,
and exhibits highly non-linear behaviour when
stressed in this direction, and also when subject
to axial shear deformation. Designs can thus
sometimes be based on material behaviour that
is assumed to deform linear elastically. Such
an approach is likely to be successful if
transverse and axial shear stresses in a
component are much lower than those in the
fibre direction. Alternatively, design allowables
for strengths in transverse tension and shear
must be small with the consequence that
inefficient conservative designs may result.

For fibre reinforced metals it is clear that there
is a need to develop the quantitative
relationships that will adequately model
thermo-elastic-plastic behaviour taking account
of material anisotropy. Having established the
relationships, and having verified by
experiment that they really do describe the
actual behaviour of the material, it is then
necessary to develop the test methods that can
be used to measure the various parameters that
appear in these relationships and thus
characterise a particular material. For fibre
reinforced metals the quantitative
characterisation of materials behaviour is
clearly where much research is needed. This
must be completed before the design of MMC
components using FEA can be reliably carried
out.

In this paper an attempt will be made to
indicate areas where there is currently
uncertainty regarding design methodology, and
how modeiling can help to increase confidence
in existing procedures or to develop new
methods of design. The views expressed have
been influenced by work of a generic nature
(rather than specific) that is being undertaken
by a UK MMC Structural Analysis Group
involving participants from UK industry,
Universities and Government Research
Laboratories.
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3. PRINCIPLES OF CONTINUUM
MECHANICS USED IN DESIGN

Design procedures, whether using analytical
methods or numerical techniques such as the
finite element or boundary element methods,
are based on the principles of continuum
mechanics where the following conservation
laws are imposed:

mass, linear momentum,
energy, angular momentum.

When considering energy balance, a
thermodynamic framework needs to be
employed if materials behaviour during
temperature changes is to be considered. This
then leads to the concept of entropy balance
equations and irreversible thermodynamic (or
dissipative) processes such as heat conduction
and plasticity. Readers are referred to texts by
Truesdell (Ref.1) and Eringen (Ref.2) for
further details of the basic principles of
continuum mechanics set in a thermodynamic
framework. It is emphasised that design
methods based on finite element analysis or
boundary element techniques obey these
axioms either exactly or approximately.

4. ROLE OF CONSTITUTIVE
EQUATIONS

None of the principles of continuum mechanics
outlined in section 3 say anything about the
nature of the properties of a material.
Additional relationships need to be specified,
known as constitutive equations, which are at
the heart of the design process characterising
the mechanical, thermal, and electrical
properties of materials. These relationships
identify most of the materials properties that
need to be measured. Furthermore they are also
the relationships that are used in design
procedures such as finite element and boundary
element stress analyses.

In solid mechanics the most well known
constitutive equations are the stress-strain
relations of linear elasticity theory which
introduce elastic constants such as Young’s
modulus and Poisson’s ratio that need to be
measured experimentally. For metals, plasticity
is an important phenomenon that is modelled
by constitutive equations of a more complex
nature (see for example Ref.3). When metals
deform at high temperatures creep or
viscoplastic behaviour is observed (i.e. time
dependent deformation).

Fibre reinforced metal matrix composites, such
as silicon carbide reinforced titanium alloys,
combine the properties of two materials having
very different properties. The silicon carbide
fibres behave essentially as linear thermo-
elastic solids over a wide range of
temperatures, while the titanium alloy matrix
behaves as a thermo-viscoplastic solid. The
constitutive relations that characterise the
d=formation properties are reasonably well
known for fibres and matrix alone, but for
composites made of these fibres embedded in
a metal matrix there are no easy ways of
deriving the constitutive relations that
characterise their deformation behaviour (see
Ref.4 for review of plasticity theories for
fibrous composites). The constitutive equations
once developed for fibre reinforced metals will
identify new materials parameters that need to
be measured, poiut to new requirements for
standard test methods, and lead to new design
methods.

Before stress analysis can be carried out using
FEA it is necessary to have constitutive
relations which adequately describe the
thermo-elastic-plastic response of the material.
Many FEA systems enable users to input their
own descriptions of materials behaviour
through the use of user-defined routines. Thus
new types of constitutive equations can easily
be put into engineering practice. The effects
need to be understood of residual stress arising
from the thermal expansion mismatch between
fibre and matrix, and the effects of load and
temperature variations on both the yield
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function and the work hardening. Especially
for titanium composites, which will operate at
elevated temperatures, the influence of
temperature on the elastic-plastic response is
an essential requirement. Specific areas, of
relevance to design where quantitative
relationships are required, are now discussed in
the following sections.

5. LINEAR ELASTIC BEHAVIOUR

For the linear regions of the stress-strain
curves of fibre reinforced metals the relevant
constitutive equations are the linear stress-
strain-temperature relations. For unidirectional
fibre reinforced metals in the linear elastic
regime, the material can be assumed to behave
as a transverse isotropic solid, for which five
elastic constants and two thermal expansion
coefficients need to be measu. :d. These are the
longitudinal and transverse Young’s moduli,
Poisson’s ratios and axial shear modulus, and
the longitudinal and transverse thermal
expansion coefficients. If the linear
thermoelastic properties are known of fibres
and matrix in the composite then the values of
the thermoelastic constants of the composite
are easily calculated using analytical formulae.
The thermoelastic constants can also be
measured and compared to predicted values.
Models can be regarded as validated only if
there is good agreement between prediction
and experiment. Models validated in this
manner can be used as the basis of quantitative
design procedures.

Linear behaviour is observed in fibre
reinforced metals to strains at which matrix
yielding occurs inducing non-linear behaviour.
The proportional limit in tension is usually
lower than that in compression because of the
thermal residual stresses that arise from
thermal expansion mismatch between fibre and
matrix. It is thus very important that the effects
of the residual stresses are taken into account
when carrying out stress analyses in the linear
regime. One way of achieving this is to predict
the size of the residual stresses by assuming

that the stress-free temperature is known, and
that the material behaves as a linear
thermoelastic solid during cooling to lower
ambient temperatures. For UD titanium
composites the stress free temperature is
thought to be around 500°C. For calculations
of residual stress build-up during cooling it is
important that the temperature dependence of
modulus is taken into account (Ref.5).
Corresponding calculations for laminates can
be made.

For UD and laminated fibre reinforced metals,
the important materials parameters that need to
be measured are the thermoelastic constauis.
One measurement problem that has been
encountered, especially for fibre reinforced
aluminium, is the method used to measure
elastic moduli. While Poisson’s ratio can be
calculated by taking the ratios of strains
.2easured in orthogonal directions, the elastic
moduli must be calculated by determining the
gradient of the stress-strain curves. Such
calculations lead to significant scatter in
modulus values if the stress-strain data are
subject to scatter and the stress-strain curve
exhibits a very low proportional limit. As the
proportional limit of titanium composites is
higher than that for aluminium composites, the
moduli for fibre reinforced titanium are
capable of reasonably accurate measurement.

6. YIELD CRITERIA

Plasticity is regarded as a phenomenon of
irreversible non-linear deformation that occurs
instantaneously if the stress state satisfies some
yield criterion, e.g. a critical yield stress is
reached for uniaxial stress states. At elevated
temperatures the uniaxial yield stress will
reduce to much lower levels as the metals
melting point is approached, and at the same
time the material will exhibit time dependent
behaviour (discussed in section 8§ below).

For time-independent plasticity a yield function
is needed which specifies when the composite
begins to yield in a given stress state which
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might be triaxial, and at a given temperature.
For homogeneous isotropic materials it is usual
to assume that yield is governed by either the
Tresca or the von Mises criterion. Continuum
mechanics indicates (Ref.3) that for anisotropic

materials other yield criteria are more.

appropriate but there is no guarantee that a
fibre reinforced MMC will obey such yield
criteria. For example, the von Mises yield
criterion for anisotropic materials has the form
(Ref.3) involving the stress components o

F (0,,-0,,) °+G (0,;,-0,,) 2+H (0}, -0,,) ?

+ 2LT§3 + 2MT§3 + 2N't§2 =1.

The parameters F, G, H, L, M and N are
materials parameters associated with the
materials anisotropy that have to be measured
experimentally, including their temperature
dependence. It is thought highly unlikely that
a yield criterion of this type will be appropriate
for unidirectional fibre reinforced metals as the
properties in the fibre direction are dominated
by the elastic properties of the fibres.

7. INCREMENTAL PLASTICITY

Assuming time independent plasticity, an
incremental law of plasticity is required
determining the increment of plastic strain
which accumulates during an incremental
change of the stress field. This is the law that
represents quantitatively the work hardening
characteristics of the material. One approach of
representing the plastic part of the stress-strain
curve by a straight line of gradient less than
the initial modulus may be too simplistic. It
will be necessary to model this part of the
curve more accurately taking account of the
work hardening effects. The ideal would be to
model the experimental results “exactly”.
However the function describing the work
hardening behaviour would need to take proper
account of multi-axial stress states and the
anisotropy of the material. A model based on
stress invariants consistent with the anisotropy
of the material is thought to be essential. The

simplest incremental laws for the plastic strain
components €; of an anisotropic material have
the form (Ref.3)
de,, = [H(0,,-0,,) +G (0“-033)]dk
de,,= [F (0,,-03;) +H (522"611)](1)‘

de;;= [G(0,,-0,) +F (G5,-C,,) ]dA

dy,, = L1,,dA

dy,, = Mt,,dA

dy,, = NT,,dA,

where it should be noted that the materials
parameters appearing in the incremental laws
are identical to those used in the yield
criterion. Again it is thought highly unlikely
that incremental laws of this type will be
appropriate for unidirectional fibre reinforced
metals as the properties in the fibre direction
are dominated by the elastic properties of the
fibres.

When modelling the non-linear deformation
which can arise in fibre reinforced metals it is
necessary to determine the yield surface by
measurement, and to check whether or not
conventional incremental plasticity theory for
anisotropic materials is adequate. As is
apparent from above, according to incremental
theory the mathematical relations describing
the yield surface are sufficient to predict the
work hardening behaviour of the material. This
may not, however, be true for a fibre
reinforced metal. The response of the material
to temperature changes with and without load,
and to load and/or temperature increases and
reductions including cycling will also need to
be characterised quantitatively.




8. TIME DEPENDENT BEHAVIOUR

At elevated temperatures metals exhibit an
additional time-dependent non-linear mode of
deformation known as creep, in addition to
time-independent plasticity. When carrying out
finite element stress analysis calculations for
materials that exhibit time dependent
behaviour, there is often the temptation to
provide the FEA system with user-defined
constitutive relations that involve time. For
example, uniaxial creep data can be input in
the form of strain-time relations for a range of
stress levels. By using multiaxial creep
deformation laws based on invariants of the
deviatoric stress tensor (Ref.6) it is possible to
use uniaxial creep data in multiaxial stress
situations. Thus user-defined routines of this
type would appear to have some promise for
application to finite element calculations.
However, it has to be recognised that the
constitutive relations supplied by the user in
this case involve time explicitly and this will
lead to errors if applied to a problem where
stress redistribution takes place. Time should
not appear explicitly in constitutive relations
(see Ref.7), and the fact that it is sometimes
used in this manner indicates clearly that
suitable constitutive relations need to be
developed. For example, in Ref5 it is
suggested that creep deformation, relevant
when a composite cools down from its
manufacturing temperature, can be modelled by
an equation of the form

€ =Ac"t"exp[-Q/kT] ,

where T is the absolute temperature, and where
the parameter t (the elapsed time) appears
explicitly. Relations of this type represent the
results of constant stress tests and, as they do
not characterise materials behaviour under time
dependent loads, they are not suitable for use
as constitutive equations in finite element
analysis.

For metals constitutive relations have been
developed that involve time implicitly through
the explicit use of internal state variables
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(Ref.8). For continuous fibre composites
subject to creep the concept of internal state
variables has also been used for uniaxial
deformations (Ref.9).

9. FAILURE CRITERIA

The design engineer requires failure criteria,
valid for multiaxial loading, that can be
incorporated into FEA systems. It is extremely
unlikely that current criteria used for polymer
composites will be adequate for MMC. The
need is to predict the level of loading at which
failure occurs, together the location and mode
of failure. There are several failure criteria that
have been proposed in the literature, and
implemented in FEA packages, for exampie,
the Tsai-Hill, Tsai-Wu, Hoffman, and
maximum principal stress and strain criteria.
Because of the engineers’ lack of confidence in
the failure criteria offered as options in FEA
packages, the approach sometimes taken for
polymer composites is to work out failure
stresses and locations using all available
criteria and then design the component on the
basis of the most pessimistic prediction! This
approach is not adequate and emphasises our
lack of sound knowledge conceming the failure
of composites.

These failure criteria are based on continuum
mechanics principles and do not take into
account the fact that there may be defects in
the material which are responsible for the
failure. Fibre failures almost certainly initiate
at defects in the fibres, while interface failure
will initiate from interfacial defects. This
suggests that it may be very difficult for FEA
methods to predict the failure mode and
location, and hence strength, with any degree
of reliability. Some of the non-linearity in the
stress-strain curve may arise from the fracture
of fibres as the load is increased to failure.
One consequence of this is that the stiffness of
the composite may be reduced by a measurable
amount, particularly for composites made of
large diameter fibres. To assess this effect it
would be useful to carry out a limited number
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of small load reversals during loading so that
an estimate of modulus can be made at various
parts of the stress-strain curve. A reducing
modulus could be indicating some form of
damage accumulation which may not be
associated directly with plastic deformation.
There may be some scope for devising new
‘failure criteria’ based on an agreed loss of a
property that takes account of the
micromechanisms of damage that contribute to
the failure of the composite. Such an approach
is thought to be more predictable than strength,
and could, therefore, be the basis of more
reliable ‘failure criteria’.

For unidirectional composites, subject to
loading that induces maximum principal
stresses oriented more or less parallel to the
fibres, the maximum principal stress criterion
can be used to predict failure. The critical
value of the maximum principal stress
determines the failure of the composite in such
special conditions and FEA can predict the
failure initiation site.

10. ROLE__OF MICRO-MECHANICAL
MODELS

In sections 5-9 some of the problems
associated with the choice of constitutive
equation to describe the properties of
continuous fibre reinforced metals have been
described. To summarise the situation, most
approaches are attempts to generalise well
known continuum mechanics methods for
homogeneous materials to inhomogeneous
composites without any attempt to consider the
physics of composite deformation.

A significant amount of work has been carried
out attempting to model the deformation of
continuous fibre composites using
micro-nechanical models. Representative
volume elements at the fibre/matrix level of
undamaged composites are defined and a stress
analysis carried out that predicts the effective
stress-strain behaviour of the composite. The
literature is far too large to review here. There

are analytical models that are capable of
predicting the thermoelastic constants of
unidirectional and laminated composites in
terms of fibre, matrix or ply properties,
assuming perfect interface bonding. For
titanium composites such models are useful for
characterising linear behaviour only. Non-linear
behaviour arising from matrix yield requires
FE methods that can be used to predict the
stress-strain response of the cornposite to axial
tension, compression and shear, and to
transverse tension, compression and shear
loading. Provided that thermal residual stresses
are taken into account, these methods will
provide invaluable information regarding the
onset of yield in fibre reinforced metals for
multiaxial stress states, and on the
development of plastic flow in the metal
matrix. The stress-strain response to combined
complex loading can also be predicted by such
methods. It is only by carrying out such
calculations that one can devise new more
realistic constitutive relations, and check
whether they describe materials behaviour
adequately.

For composites operating at elevated
temperatures, the time dependent creep
deformation of the matrix becomes important.
Questions that need to be asked are as follows:

How does a composite respond for complex
loading states when it has been loaded to a
non-linear part of the stress-strain curve and

i) the temperature is changed?
ii) the temperature is cycled?

iii) the temperature and stress are cycled both
in and out of phase?

A great deal of research will be needed to
solve these problems the solution of which will
need to involve contributions from continuum
mechanics, micromechanical modelling and
experiment. Some approaches, based on FEA
of representative volume elements subject to
the complex load/temperature profiles

a . A

a




described above, will require extensive
numerical analysis and will produce results that
are difficult to interpret when attempting to
formulate realistic constitutive relations valid
for general conditions of loading and thermal
history. Because of this, there should be some
scope for the use of analytical models that can
indicate some characteristics of composite
materials behaviour at both room and elevated
temperatures. As some design methods assume
that the maximum principal stress is almost
aligned with the fibres in a unidirectional
composite there is scope for using simple
engineering methods based on parallel bar
models of a composite (Ref.10). Also, methods
using laminate theory and the vanishing fibre
diameter model to represent single ply
behaviour have much scope for development
(Ref.11).

11. ASPECTS OF MEASUREMENT OF
PROPERTIES

When new more realistic constitutive equations
become available, the types of materials test
that need to be carried out in order to measure
parameters used in the constitutive relations,
and thus fully characterise the fibre reinforced
metal, will have ucen ideiiified. Reliable
testing techniques will be required to measure
those properties needed for design calculations.
As experience of testing accumulates and the
new design methods become established, the
need will develop for standard test methods to
measure relevant parameters.

It is useful to specify the various stages
involved in the development of testing
standards. Once a test method has been
developed it is necessary to establish first of
all that it is capable of acceptable repeatability,
i.e. acceptable levels of scatter are found when
tests are repeated in one laboratory using
identical test conditions. If this can be
demonstrated for a range of similar types of
material then it is necessary to establish that
the test is capable of achieving acceptable
reproducibility, i.e. acceptable levels of scatter
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result when a series of repeat tests are carried
out in a series of laboratories under identical
testing conditions. Such tests are carried out in
round robin testing programmes. If the round
robin testing of a particular test method has
been shown, using recognised quantitative
assessment methods, to be both repeatable and
reproducible then it can then be considered for
standardisation at national and/or international
levels.

12. SUMMARY OF REQUIREMENTS
NEEDED TO DEVELOP A DESIGN
METHODOLOGY

There is a need to develop and validae
experimentally the stress analysis techniques
required to design engineering components
made of fibre reinforced metals. In particular
the needs are to:

* develop constitutive equations for carrying
out the finite element stress analysis of
fibre reinforced metal components. This
activity should include an examination of
the onset of yield, the anisotropy of yield
and work hardening, the effects of
temperature variations, the failure stress
and strain, and the location of the failure.

* validate constitutive relations by critically
assessing their ability to predict the
behaviour of the material by comparison
of prediction with experimental behaviour.

* identify mechanical propenty values
needed for use by stress analyses, and
prioritise their importance to the design of
fibre reinforced titanium components.

* agree the best techniques for mechanical
property measurement, including the
carrying out of round robin testing needed
to validate standardised test methods.

* carry out stress analyses of selected
components and to compare predicted
behaviour with experimental results.
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* develop new failure criteria for design
purposes that are based on relevant
micromechanisms of damage initiation
and growth in fibre reinforced metals.

Acknowledgements

The author would like to thank Dr Clive Allen,
Rolls Royce plc, for discussions concerning
design issues for fibre reinforced titanium
alloys, and members of the UK MMC
Stuctural Analysis Group with whom the
author has collaborated for about four years,
and who have shaped many of the ideas
presented in this paper. Some of the
background information presented in this paper
arose from the ‘Materials Measurement
Programme’, a programme of underpinning
research financed by the UK Department of
Trade and Industry.

Published with the permission of the Controller
of Her Britannic Majesty’s Stationery Office -
British Crown Copyright 1993/DTI .

1.

10.

11.

References

C Truesdell, ‘Rational thermodynamics’,
McGraw-Hill Book Co. New York -
London, 1969.

A C Eringen, ‘Mechanics of continua’,
John Wiley & Sons Ltd. New York -
London, 1967.

. R Hill, ‘The mathematical theory of

plasticity’, Clarendon Press, Oxford, 1950.

A Yehia, Bahei-El-Din & G J Dvorak,
ASTM STP 1032, (1989), 103-129.

R P Nimmer, R J Bankert, E S Russell, G
A Smith and P K Wright, J Comp. Tech.
& Res. 13, (1991), 3-13.

A F Johnson, in Proc. Euromechanics
Colloquium 115 at Villard-de-Lans, Ed. J
P Boehler, Martinus Nijhoff Publishers,
The Hague - Boston - London, 1982.

L N McCartney, Phil. Mag. 33, (1976),
689-695.

A M Othman, D R Hayhurst and B F
Dyson, Proc. Roy. Soc. Lond. Ad4l,
(1993), 343-358.

S Goto and M McLean, Acta Met. &
Mater. 39, (1991), 153-164.

L N McCartney & T A E Gorley, Proc.
Oth Riso International Symposium on
Metallurgy and Materials Science, 1988,
439-446.

W S Johnson, M Mirdamadi & J G
Bakuckas Jr. ‘Fatigue of continuous fiber
reinforced metallic materials’ NASA
Technical Memorandum 107700, Feb.
1993.




REPORT DOCUMENTATION PAGE

1. Recipient’s Reference | 2. Originator’s Reference |3. Further Reference 4. Security Classification
of Document
AGARD-R-796 ISBN 92-835-0735-5 UNCLASSIFIED/
UNLIMITED

5.Originator  Advisory Group for Aerospace Research and Development
North Atlantic Treaty Organization
7 Rue Ancelle, 92200 Neuilly sur Seine, France

6. Title
CHARACTERISATION OF FIBRE REINFORCED TITANIUM

MATRIX COMPOSITES

7.Presentedat  the 77th Meeting of the AGARD Structures and Materials Panel,
held in Bordeaux, France, 27th—28th September 1993.

8. Author(s)/Editor(s) 9. Date
Various February 1994
10. Author’s/Editor’s Address 11. Pages
Various
268
12. Distribution Statement There are no restrictions on the distribution of this document.

Information about the availability of this and other AGARD
unclassified publications is given on the back cover.

13. Keywords/Descriptors

Metal matrix composites Nondestructive tests
Titanium Stiffness
Fiber composites Tensile strength
Aircraft engines Thermal resistance
Airframes Mechanical tests

14. Abstract

The combination of stiffness, strength and high temperature resistance provided by fibre
reinforced titanium matrix composites offers major benefits for aircraft engine and airframe
applications, wheic these materials could be used to reduce weight or improve performance.

This workshop on the subject of characterisation of titanium composites was intended to provide
a forum for the exchange of information in this important area. Characterisation in this case refers
to the understanding of the behaviour of the composites as it relates to the ability to predict their
performance in real-life applications. It covers various topics that include mechanical test
techniques, NDE methods, life prediction models and other factors that will affect the level of
confidence with which these relatively new materials will be accepted for application.

With titanium composites, we are presently at a stage where matrix alloys, reinforcing fibres and
composite consolidation processes are available for the fabrication of structural components.




S1S3] [BITUBYIIN
20UR)SISAI [RUWLIdY [
13uamns apisudy,

ssaugng

1531 JANONLISIPUON]
SOWRILINY

sauidus yeroary
sansodwod 1aqry
wntueln g

sonsodwod xuew [e1dpy

‘OLd

10§ wruoj € ap1aoid o1 papuajuil sem sansodwod wmuein
Jo uouesudpeseyd jo 2[gns a1 uo doysyiom swyj

-asueunopad
asordun 10 1yS1am 2onpa1 01 pIsn 3q PINOd sfeUdIRW
asay auoym ‘suoneondde surespsre pue suidus yeiosre
10} swyauaq lofew s19}0 sonsodwos xulew wnwuemn
pasiojuial a1qy Aq papuoird aouelsisal armeiadwal
ydry pue Buons ‘ssauyns JO  UONEBLIQWOD YL

safed ggz

+661 Aeruqaq paysiqng

SALISOJNOD XNLLVIN WNINVLLL
AIDHOANITY FHAI 40 NOLLVSRIALOVIVHD

OLVN “wawdojaaag
pue yoieasay 2oedsosay 10y dnoin A10suapy

$1S31 [BOIUBYIIN
2oue3SISal [PWIIY |
yi8uons apsua]

ssaugns

S1S3} JANINIISIPUON
saurelry

saurdus yesoury
sajisodwod 1aq14
wnren |,

sansodwon xuteu eI

‘Old

10§ winyoj e apiaoad 03 papuaiur sem sausodwod wniuein
JO uonesualdeieyd jo 1xa(gns 2yl uo doysyiom swyj

"aoueunopad
anordunt 10 1y31om 35npas 0} pasn aq POl SsELdeW
asayy araym ‘suonedydde sweslre pue surdus yeidre
10§ sigausq Jofew sidgo sapsodwos xulew wniuen
padoymar aiqy Aq papuoid souersisal armesadwa)
Y8y pue WSuans ‘ssauyns Jo  uouBUIQUIOd YL

safed g97

661 Areniqag paysuqnd

SALISOJNOD XTHLVIN WNINVLLL
a3IDYOANITY ML 40 NOLLVSHILOVIVHD

OLVN "uswdopaasg
pue yo1easay soedsolay 10 dnoin K1osApy

96L-d-MAVOV 96. Boday QYVOV 96L-A-MAVOV 96 woday AVOV
‘OLd ‘0l1d

10} wnioj e apiroxd 01 papuatur sem sansoduwiod wniuein 10j wnioj € aplaoid 01 papuaiul sem sayisodos wniweiny

Jo uogesustdeieyd jo 1Aqns oy uo doysyiom swy JO uonesudeIeyd jJo 13fqns 3 uo doyspom sy

“aoueuuojrad -oueuniopad

$1501 [eOTUBYOON aaoidun 10 uw_m_ok 20Npa1 0) Pasn 2q PINOD SfEUNEW $153] [EOTURYOOI aaoadun 10 J@o? 25npal 0} PIsn 3q PINOd> S[euAEW

souelsisol euuay | 25U 313um suoneoidde suwrerure pue audus yeroire aouelsisal eussoyy | 2SOW Idym suonediidde sweire pue aurdus yeiane

Wsuans spsugy | 10 SIYAUq Jofew s:ago sausodwod xujew wniuein p8usns apisusy, | 10 SIBAUN Jofew sidgo sausodwod xuew wnwein

ssauyng | PRdIoJudl 31qy Aq papiaord aoueisisar armeradwn ssouyng | P2Iojual 219y £q papwoid 3dueisisas  asmesadway

159} u>uu=bmov=mz Y3y pue yBusns ‘ssouns JO  UomewIqwod Ayl s1s: o>.au=bm.ovnmz Y3y pue WpSuans ‘ssauyns JO uoneMMQWod YL

SOWrBIITY SowrRALITY

saurdus yeosry sa8ed 897 sauBud 1yeIdITY saffed 897

saysoduios 1aqig 661 Arenigay paysiqnd sansodwod 1aq14 661 Arerugaj paystiqnd

wnuen g SALISOdNOD XTULVIN WNINVLIL wnRen] SALISOdNOD XTILVIN NNINVLLL

sonsodwos xujew [erop AIDYOANITY AFL 40 NOLLVSRIFLOVIVHO sousodwos xuyew ey AIDUOANITE TAI 4O NOLLVSRIALOVIVHO

OLVN “uswdopaaq OLVN “uswidojaas(

pu® yo18asay 2dedsoiay 10) dnoir) K1osiapry pue ya1easay asedsoray Joj dnoun) Iosmpy

96L-4-QYVOV 96¢ woday QUVDV 96L-4-QUVOV 96L Moday UVOV




$-5€LO-SER-T6 NHSI

"£661 12quaidag YIgz—yiL g duel ‘xneapiog ul
PIY ‘[aUe S[EUIIBIA PUR SAIMDNIS (THVOV U3 Jo Bunssy Yz £ 2y 1e pajuasaid siadeq

‘suauoduios
[edrudnuls Jo uonesduqej Y 10j dqe[reae are sassadord uoneprosuod asodwos pue
s21qy 3uio1ojutal 'sAojfe xuew a13ym adeis e e Apuasard s1e am *sanisodwod winiels Yum

‘uonestdde
10} paidaso 3q [ S[EUIEW MAU £[2ANB[AI ISIYL YOTYM Uil IDUIPYUOD JO [IA3]
Y1 139)Je [jim Jel]) SIOIOR) JSIO pue sjapow uondipaid 3y ‘spoaw N ‘senbiuysal 153y
[edrreyoaw spnpous Jeys so1dol snouea 1340 3] ‘suonedrydde apy-feas u ssueuniopad sayy
11paxd 01 iqiqe a3 03 sarepaa 11 se sasodwod ay Jo InoiarYaq ayi Jo Surpueisiopun I
0] $13J31 358D SOy} Ul uonesualderey)) ‘eae Jueodwi sip Ul vonvuLIOJUL Jo adueydxs A

S-SELO-SER-T6 NESI

€661 1squardag NRZ—YiL 7 3dURI ‘Xneapiog ul
PI3Y ‘[3Ued S[RURIE pue SIS AY VOV 24! Jo Sunaop] Yyiz £ 4 1e pauasaid siadeg

‘sjusuodwod
[BINIOMIIS JO UONEBOLIQR) 31 JOJ d[qe[ieae ase sassadord uonepijosuod ansodwos pue
$31qy udrojutal ‘sfofe xulew a1aym ade1s e je Apuasard are am ‘sansodwod wnwein g

‘wonesndde
10j paidasoe aq [[Im S[ELISIEW MIU A[2ANRDI 3SIY) UYOIYM Yim 3DUIPPUOD JO [9A3]
210 153JJ® [[m 1B S10158] 1910 pue s[opow uonaipaid ajy ‘spoyaw N ‘sanbruysal 153
[ed1ueydaw apnjdul 1ey) s31do} snowrea 13409 1 ‘suonedtidde aji1-ress ur dueuopad sy
11paxd 01 A1piqe a3 03 satejal U se sasodwod Yl Jo Jnoeyaq 3yl Jo SurpurisIapun 3L
01 S13J31 9seI SNy} Ul uonesUddeIRY) "3l Juepodun STyl U1 UoNEULIOJUT JO ABueyIXS AP

S-$£L0-S€8-76 NHSI

‘€661 19quardag Iz —YiL 7 29urL] ‘xneaplog ut
PI3Y ‘[2Ue S[BUIB PUR SIIMIMUIS (VO Y JO Sunsspy Y1, £ oy 1e pajuasaid s1adeq

‘stuauodwod
[eJrIONAS JO uoneduqej 3yl 10} Jqe[ieae ale sassadoid uoneprosuod isodwod pue
$31qy Buiojuial ‘sfofe xutew 319ym 33eis e je Apuasazd are am ‘sajsodwiod winnreIn yim

-uonesndde
10} paidoooe aq M S[RLISIEW MOU A[2ANB[RI 2SOl YOTYM (Il 3IDUIPJUOD JO [9A3]
Y1 199J® [[Im 1B S1015€] 13410 pure sfapowr uondtpaid 3y ‘speyiaw JN ‘sanbuyda) 1593
festueydaw 3pngaur rey s91doy snouea s19402 3 ‘suoueaydde ay-reas ut oueunopad oy
1w1paid 01 Kamiqe 3y 01 sateqa1 1t se sayisoduwrod 3y jo Inoeyaq sys jo urpueisispun
0] $139J21 a8 SN Ul uonesudeIey)) "eare Juepodurr s M voRBWIONT Jo AJurYdXI Y

S-S€L0-S£8-26 NASI

€661 Jaquandag gz —iL 7 35U ‘Xneapiog W
PIoY ‘[oued S[RUSIRN pue sa1monns (YVOV 9yl Jo Jumaspy YL, gt Je pauasaid siadeq

‘siuauodwod
[eInidnuls jJo uonedsuqe) 3y 10j dqepeae are sassadord uoneprosuod Asodwos pue
s21qy Sud10junal ‘skoffe xutew a1aym 33ers e e Apuasaid are am ‘saysodwod wnuen

‘uogedsydde
10j paydaooe aq [[m S[EIAEW MIU A[SANBIDI 35 YOIYM Im IDUIPYUOD JO [2AI]
211 199)J® [TIm 1BY) SI0198] IO pue s[apows uondipald i ‘spoyidw JQN ‘sanbruysal 151
fedrrRyIaW apnpou je s31do snouea s13403 )] suonedsydde ajij-feas w sduewopad noy
101paxd 03 Kinqiqe a 03 saeas 1 se sarsodwod 3y Jo Inoweyaq Ayl jo Surpueisiapun @
01 §12J91 258D SR UT UONesUNdeLRY)) "8I Juruodwi ST U1 UORRULIOJUT Jo 33ueydxd




